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ABSTRACT
The c r y s ta l  and m o le c u la r  s t r u c tu r e  o f  th e  f i r s t  a u th e n t ic a te d  
m e ta lla c y c lo b u te n o n e  h a s  been  de term ined  from th re e  d im en sio n al 
co u n te r  x - r a y  d a ta .  l , l - b i s ( t r ip h e n y lp h o s p h i n e ) - 2 ,3  d ip h e n y l-1- 
p la t in a c y c lo b u t - 2-ene-l+ -one, [(C 6H s)3P ]2P t [ 0C3 (CQH5 ) 2 ] ,  i s  th e  
n ove l p ro d u c t o f th e  r e a c t io n  betw een cyclopropenone and t e t r a -  
k is ( tr ip h e n y lp h o s p h in e )p la t in u m (o ) . The y e llo w ish  c r y s t a l s  a re  
m o n o c lin ic , space group P21/ c  w ith  c e l l  d im ensions a *= 12 .56  ( 4 ) ,  
b -  11.72(1+), c = 28 . 31^  (9 )  A, j3 -  107 .5  ( 8 ) ° ,  z « b.  F in a l  a n is o ­
tr o p ic  fu l1 -m a tr ix  l e a s t - s q u a r e s  re fin e m e n t on a l l  non-phenyl atoms 
and i s o t r o p ic  re fin e m e n t on th e  e ig h t  c o n s tra in e d  ( r i g i d  body) 
phenyl r in g s  y ie ld e d  a  w eigh ted  R f a c to r  o f  O.O5 8 . The monomeric 
u n i t  c o n s i s t s  o f a P t** c e n t r a l  atom in  q u a s i- sq u a re  p la n a r  c o o rd in a ­
t io n  w ith  two c is -P P h 3 lig a n d s  and a cr-bonded b id e n ta te  lig a n d  
d e riv e d  from  d ip h en y lcy c lo p ro p en o n e . The m e ta l atom has been 
in s e r te d  in to  a o-bond o f  th e  three-m em bered r in g  such th a t  th e  
C-C s in g le  bond (1.1+2 ( 3 ) A) and th e  C-C doub le  bond (1 .2 9  (*0 A) 
c h a r a c te r s  a re  r e ta in e d .  The d ih e d ra l  a n g le  between th e  P t-P s  p la n e  
and th e  p t-C 30 p lan e  i s  8 . 9° .
The c r y s t a l  and m o le c u la r  s t r u c tu r e s  o f  th e  f r e e  r a d ic a l  
c rP h e n y l te t r a m e th y ln i t ro n y ln i t ro x id e ,  Cl3 Hl7 N202 (or^NN), and 
i t s  d iam ag n etic  an a lo g  N -P h e n y lte tra m e th y lsu cc in im id e , C ^H ^N O ^ 
(N-^S) have been d e term ined  from  th re e  d im en sio n a l co u n te r  x - ra y  
d a ta  p a r t l y  to  accoun t f o r  th e  p o ly c r y s ta l l in e  n a tu re  o f  th e  
s o l id s  o b ta in ed  when ct-<&NN i s  doped in to  N-4S. Both c r y s t a l s  a re
xiii
m o n o c lin ic , space  group P 2 ^ /c , w ith  z  -  8 .  The f r e e  r a d ic a l  has 
c e l l  d im ensions a  = 21 .14  ( l ) ,  b = 1 0 .1 4  ( l ) ,  _c = 12 .2 2  ( l )  A 
and p  -  1 0 8 .0 9  ( 6 ) ° ,  w h ile  the  d iam ag n e tic  an a lo g  h a s  c e l l  d im ension  
a  -  22 .^07  ( 2 ) ,  b -  6 .303 ( 1 ) ,  c -  2 .'.4 0 9  (3 ) A and 0  -  117.662 ( 8 ) ° .  
Both s t r u c tu r e s  w ere so lved  by d i r e c t  p h a s in g . I s o t r o p ic  r e f in e ­
ment on a l l  atom s le d  to  the  f in a l  R f a c to r s  o f  0 .0 6 4  (o*^NN) and 
O.O55 (N -^S ). A lthough th e  two compounds have s im i la r  m o lecu lar 
s t r u c t u r e s ,  th e  m o lecu les  a re  o r ie n te d  q u i te  d i f f e r e n t l y  in  th e  
c r y s t a l l i n e  l a t t i c e s .  The most o u ts ta n d in g  f e a tu r e s  o f  th e  two 
m o le c u la r  s t r u c tu r e s  a re  the  v a s t ly  d i f f e r e n t  d ih e d ra l  an g les  
betw een th e  phenyl r in g s  and th e  five-m em bered p i  system s (7 2 . 2°  
in  N-tfS and 2 8 . 3°  i n  a-^NN) and th e  n o n - p la n a r i ty  o f  th e  f iv e -  
membered h e te r o c y c l ic  r in g s .  The INDO a p p ro x im a tio n  has been 
used  in  m o le c u la r  o r b i t a l  c a lc u la t io n s  fo r  th e  f r e e  r a d ic a l  
in  o rd e r to  c o r r e l a t e  th e  observed s t r u c t u r e  w ith  e x i s t in g  pmr, 
cmr, and e s r  d a ta .  As a check fo r  i n t e r n a l  c o n s is te n c y , s im ila r  
c a lc u la t io n s ,  in  which CNDO/2 ap p ro x im a tio n s  w ere u se d , were made 
fo r  th e  d iam ag n e tic  ancc in im ide .
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CHAPTER ONE 
l-l-BIS(TRIPHENYLPHOSPHINE)- 2 ,3 - 
DIPHENYL- 1 -  PL ATINACYCLOBUT- 2- ENE-If- ONE
I
INTRODUCTION
The l a s t  two decades have seen  rem arkab le  developm ent o f  th e  
f i e l d  o f  o rg a n o m e ta llic  c h em is try . The in o rg a n ic  ch em ists  have 
r e a l l y  invaded th e  a re a  o f  o rg a n ic  c h em is try  to  i t s  v e ry  c o re . 
U nden iab ly , t h i s  b ranch  o f  ch em istry , in  w hich th e r e  have been 
e x c i t in g  d is c o v e r ie s  and trem endous advances in  p u re  know ledge, 
h as  come to  occupy an unusual p o s i t io n  th a t  l in k s  to g e th e r  o rg a n ic , 
in o rg a n ic ,  and b io lo g ic a l  c h e m is try . P ro g re s s ,  how ever, would 
n o t have been so ra p id  and o u ts ta n d in g  w ith o u t th e  accompaniment 
o f  th e  m ost s u c c e s s fu l  m o le c u la r -p ro b e , X -ray  s in g le  c r y s ta l  d i f ­
f r a c t io n  a n a ly s i s .
U n like  o rg a n ic  r e a c t io n s ,  which can now be sy s te m a tiz e d , th e
i
p r in c ip le s  govern ing  r e a c t io n s  between o rg a n ic  m o lecu le s  and t r a n s i ­
t i o n a l  m e ta l com plexes, a lth o u g h  in d iv id u a l ly  u n d e rs to o d , have 
n o t y e t  been s u f f i c i e n t l y  g e n e ra l iz e d .  An i n t e r e s t i n g  example 
i s  th e  ty p e  o f  r e a c t io n s  betw een o rg a n o m e ta llic  com plexes and 
sm all r in g  compounds, e s p e c ia l ly  th o se  w ith  three-m em bered r i n g s .
T h is  i s  an a c t iv e  f i e l d .
C yclopropenones a re  one c la s s  o f  n ovel compounds which have 
r e c e n t ly  a t t r a c t e d  much a t te n t io n }  One p rom inen t c h a r a c t e r i s t i c  
o f  th e s e  m o le c u le s , w hich m ust a f f e c t  t h e i r  r e a c t io n  c h e m is try , 
i s  th e  c o n t ig u i ty  o f  two r e a c t iv e  fu n c t io n s ,  nam ely th e  carbon
carb o n  doub le  bond and th e  ca rb o n y l g roup . R ea c tio n s  o f  c y c lo -
2 - Spropenones w ith  v a r io u s  t r a n s i t i o n  m eta l c a rb o n y ls  and h a l id e s  J 
have been  c a r r ie d  o u t ,  and in  m ost c a s e s , s p e c t r a l  ev idence  in d ic a te d
2
t h a t  th e  cyclopropenone i s  bound to  th e  m eta l v ia  th e  ca rb o n y l 
oxygen atom . N e ith e r  th e  O C n o r C=0 double  bonds seems to  be i n ­
vo lved  in  TT-bonding.
P la tin u m  has g re a t  p ro p e n s ity  among th e  t r a n s i t i o n  m e ta ls  
f o r  form ing bo th  o- and TT-bonds to  ca rb o n . T e tra k is t r ip h e n y lp h o s -  
p h in e p la tin u m (O ), P t(P P h 3) 4 , was th e r e f o r e  employed by W. H. B addley 
o f  LSUBR in  th e  hope o f  o b ta in in g  an o x id a tiv e  a d d i t io n  complex 
o f  diphenylcyclopropenone(D PC P) c o o rd in a te d  th rough  th e  C=C o r  
0=0 doub le  bond. R eac tio n  to o k  p la c e  in  d ich lo rom ethane  a t  room 
te m p e ra tu re  f o r  te n  m inu tes and y ie ld e d  a new complex w hich c ry ­
s t a l l i z e d  as  y e llo w -o ran g e  n e e d le s .  In f r a r e d  d a ta  in d ic a te d  th a t  bond­
in g  to  th e  m eta l cou ld  be th ro u g h  e i t h e r  th e  0=0 o r C=0 double  
bonds, in  c o n t r a s t  to  th e  m eta l-oxygen  bonding p re v io u s ly  p r e d ic te d .
X -ray  a n a ly s is  was c a r r ie d  o u t in  t h i s  la b o ra to ry  in  o rd e r  to  
e lu c id a te  th e  s t r u c tu r e  and th e  mode o f bonding in  t h i s  new com plex.
EXPERIMENTAL
Y ellow -orange p la te -sh a p e d  c r y s t a l s ,  g e n e ro u s ly  su p p lie d  by 
S r . J .  S in g e r , w ere r e c r y s t a l l i z e d  from a mixed so lv e n t 6 f  d ic h lo ro -  
m ethane and m e th an o l. A s in g le  c r y s t a l ,  c le a v e d  from  a la r g e r  
c r y s t a l ,  was shown to  be homogenous under th e  p o la r iz in g  m icro ­
scope and had d im ension  0 .2 8  x 0 .2 0  x  0.08mm. T h is  c r y s ta l  was 
u t i l i z e d  f o r  a l l  f u r th e r  i n v e s t ig a t io n .  I t  was mounted a long  th e  
o p t ic  a x is  a t  th e  end o f  a  12mm long  g la s s  f i b e r  by means o f  Duco 
cement d i lu te d  i n  amyl a c e t a t e .  T h is f i b e r  was th e n  a tta c h e d  to  
an aluminum p in  f i t t e d  i n to  a s ta n d a rd  gon iom eter head in  p re p a ra ­
t io n  fo r  d a ta  c o l l e c t i o n .
P re lim in a ry  c e l l  d im ensions and space  group in fo rm a tio n  were 
e s ta b l is h e d  from  f ilm  d a ta  o b ta in e d  w ith  E n raf-N on ius W eissenberg 
and p re c e s s io n  cam eras u s in g  MoKa(0.7107 A) r a d i a t i o n  w ith  Zr f i l ­
t e r .  The c r y s t a l  system  was deduced to  be m o n o c lin ic  from th e  
W eissenberg  and p re c e s s io n  p h o to g ra p h s , w ith  th e  c r y s t a l  mounted 
a lo n g  th e  b a x i s .  The space  group was i d e n t i f i e d  from sy s te m a tic  
absences e x h ib i te d  on th e  f ilm s  to  be P 2 ^ /c .
I n t e n s i t y  d a ta  w ere c o l le c te d  on a PAD-3 E nraf-N onius th r e e -  
c i r c l e  a u to m a tic  d i f f r a c to m e te r  w ith  Z r - f i l t e r e d  MoKa r a d ia t io n .  
C ry s ta l  a lig n m en t was ach iev ed  by c a r e f u l ly  c e n te r in g  th re e
r e f l e c t i o n s ,  (0  ^  0 ) ,  (3  0 0 ) ,  and(0  0 1 0 ). The an g le  s e t t in g s
7o f  th e s e  th r e e  r e f l e c t i o n s  were in p u t to  ORIENT from which th e  
a n g le  s e t t i n g s  f o r  a l l  o b se rv a b le  r e f l e c t i o n s  w ere g e n e ra te d .
b
F o r ty - th r e e  o f  th e s e  r e f l e c t i o n s  w ere c a r e f u l ly  c en te re d , and two c y c le s
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of ORDENT1 l e a s t - s q u a r e s  c a lc u la t io n s  gave c e l l  p a ram ete rs  which 
ag reed  v e ry  w e ll w ith  th o se  de term ined  from f i lm  d a ta .  The s e t t i n g s  
o f  th r e e  s ta n d a rd  r e f l e c t i o n s ,  (2 4 2 ) ,  (4  1 2 ) ,  and (4 0 4), th e
o
E u le r  o r i e n t a t i o n  a n g le s ,  and le a s t - s q u a r e s  l a t t i c e  c o n s ta n ts ,
to g e th e r  w ith  th e  s y s te m a tic  absences, w ere in p u t to  DXFSET 9 to
g e n e ra te  c o n t r o l  c a rd s  f o r  au to m a tic  d if f r a c to m e te r  d a ta  c o l l e c t io n
by th e  t h e t a /  two th e t a  scan  m ethod. The above th r e e  s tan d a rd
r e f l e c t i o n s  w ere in s e r t e d  in  th e  c o n tr o l  deck (w hich in c lu d ed
5576  r e f l e c t i o n s )  a f t e r  ev ery  197 r e f l e c t i o n s  in  o rd e r  to
m on ito r th e  s t a b i l i t y  o f  th e  c r y s t a l ;  The m ost econom ical
way to  c o l l e c t  t h i s  s e t  o f  d a ta  was to  s e t  th e  scann ing  d i r e c t io n
such th a t  K v a r ie d  th e  f a s t e s t ,  L n e x t ,  and H th e  s lo w e s t. The "no
v
a t te n u a to r "  o p tio n  was s e le c te d .  Some d e ta i le d  in fo rm a tio n  
about th e  d a ta  c o l l e c t i o n  i s  l i s t e d  below .
H K L Range : H 0 ------- 6
K -1 2 — 0 
L -2 8 — 28
D iff ra c to m e te r  
a n g le  ran g e  : x  - 2 .0 ° — 9 2 .0 °
6 4 .0 ° — 2 0 .0 °  '
’ Scan ran g e  : 20 = 2 .5  + 1*0 x t a n ( 0)
T heta  scan  r a t e  : 1 /2 °  p e r  m inu te
Background tim es : 20 seconds
U n fo r tu n a te ly , th e  IBM key punch which was co nnec ted  to  th e  
d i f f r a c to m e te r  c ea sed  to  fu n c tio n  a f t e r  10 d ay s , d u r in g  which 
tim e 1573 r e f l e c t i o n s  had been  s u c c e s s fu l ly  c o l l e c te d .  The d i f ­
fra c to m e te r  was fo rc e d  to  fu n c tio n  s e m ia u to m a tic a lly  and th e  r e ­
m ainder o f  th e  d a ta  w ere reco rd ed  m an u ally . The background tim es 
were reduced  to  10 seconds and th e  scan  range was changed to
26 = 1 .8  + 1 .0  x ta n  (6 )
A t o t a l  o f  3576  in d ep en d en t r e f l e c t i o n s  w ere re c o rd e d . DIFDAT30 
c a lc u la te d  a  c o r r e c te d  i n t e n s i t y  o f  each r e f l e c t i o n  by a p p l ic a t io n  
o f  abackground c o r r e c t io n  a cc o rd in g  to  th e  fo llo w in g  e q u a tio n :
1 = CI  " ( t B1 +  t B2) X (CB1 + ‘W
where C j, CB1, and are^ r e s p e c t iv e ly ,  th e  t o t a l  co u n t d u rin g
scan , th e  background b e fo re  s c a n , and th e  background a f t e r  scan .
t  i s  th e  scan  tim e  and t B1 and t__  a re  th e  two background tim e s , scan  B1 B2
The s ta n d a rd  d e v ia t io n  o f  each  c o r re c te d  i n t e n s i t y  was c a lc u la te d  
from th e  e q u a tio n
0 <*> - ECI + < (tB'Sn B2T >2(°Bl + U2.
L o ren tz  and p o l a r i z a t i o n  c o r r e c t io n s  w ere a ls o  a p p lie d .
L “  s in  26
1 + co sg28
The n e t  i n t e n s i t y  i s  e x p re ssed  as
* n e t ■
Of 3576 r e f l e c t i o n s ,  2023 were "o b se rv ed "  w ith  I  >  2cr ( i ) ,  1521 
w ere "unobserved" w ith  I  <  2a ( i ) ,  22 w ere reco rd ed  in a c c u r a te ly  
f o r  in s tru m e n ta l re a s o n s . An a n a ly s is  o f  th e  i n t e n s i t i e s  o f  th e  
th re e  s ta n d a rd  r e f l e c t i o n s  c o l le c te d  o v e r a two month p e r io d  d id  
n o t show any c r y s ta l  i n s t a b i l i t y .  T h is  c o n c lu s io n  was drawn from  
th e  f a c t  th a t  th e  maximum change o f  th e s e  i n t e n s i t i e s  was o n ly  0 .5 $ . 
The observed  i n t e n s i t i e s  w ere reduced  to  s t r u c tu r e  f a c to r s
I/O
F ( l  = F2 ) w ith  s ta n d a rd  d e v ia t io n s  o(F ) = ( l ) / 2 ( l  x Lp) c~. The
atom ic s c a t t e r in g  f a c to r s  used i n  a l l  s t r u c tu r e  f a c to r  c a lc u la t io n s
11
w ere th o se  o f Hanson e t  a l .
CRYSTAL DATA
E m p iric a l Formula
M o lecu la r W eight
C ry s ta l  System
Space Group
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SOLUTION AND REFINEMENT OF STRUCTURE
Due to  th e  p re sen ce  o f  th e  heavy atoms P t and P , th e  heavy 
12
atom te ch n iq u e  was employed in  th e  s o lu t io n  o f  th e  s t r u c tu r e .
Once th e se  th r e e  atoms w ere lo c a te d ,  th ey  se rv ed  a s  a  p h as in g  model
from  which th e  atom ic p o s i t io n s  o f  th e  l i g h t e r  atoms cou ld  be
a c q u ire d . A th re e  d im en sio n al P a t te r s o n  map was sy n th e s iz e d  based
on th e  2023  observed  r e f l e c t i o n s  by means o f  a l ib r a r y - s to r e d  m aste r
13com puter program  system  'X-Ray 6 7 ' and th e  peaks were analyzed  
by u se  o f  lo g ic a l  c o n s id e ra t io n s  o f  known bond le n g th s  and
bond a n g le s  between p la tin u m  and phosphorus atom s. The approx im ate  
atom ic p o s i t io n s  o f  one P t  and two P atoms were lo c a te d  a f t e r  th e  
e l im in a t io n  o f  s e v e ra l  o th e r  p o s s ib le  s o lu t io n s .
Four c y c le s  o f  d ia g o n a l l e a s t - s q u a r e s  re f in e m e n t by means o f  
BIAGLS^based on p a r t i a l  s t r u c tu r e  PtPs  y ie ld e d  an R v a lu e  o f  
0 .2 2 ,  where R i s  d e fin e d  as
sIIfoH fcII
R  5 P J —
Burmnation i s  tak en  ov er a l l  ob serv ed  r e f l e c t i o n s .  T h is  r e l a t i v e l y
sm all R v a lu e  and th e  re a so n a b le  bond a n g le s  and bond le n g th s
13
o b ta in e d  from BONDLA seemed to  prom ise a c o r r e c t  s o lu t io n .
T w enty-n ine carbon  atoms were found from a d if f e r e n c e  map, and
l 3fo u r  f u r th e r  c y c le s  o f  DIAGLS gave R = 0.175* The r e s t  o f  th e  
non-hydrogen atoms w ere lo c a te d  from su c c e ss iv e  d if f e r e n c e  sy n th e se s . 
When a l l  52 non-hydrogen atoms w ere u t i l i z e d ,  a v a lu e  o f  R = 0 .126  
was o b ta in ed  a f t e r  two more c y c le s  o f  l e a s t - s q u a r e s  re f in e m e n t.
A f l a t  F o u r ie r  d if f e r e n c e  map in d ic a te d  th e  c o r r e c t  lo c a t io n  o f  a l l  
atom s.
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I n  th e  re fin e m e n t p ro c e ss , a l l  e ig h t  phenyl r in g s  were t r e a te d
U*
as r i g i d  b o d ie s  acco rd in g  to  the  p r in c ip le s  o f  r i g i d  group re f in e m e n t.
ISThe com puter program  RBANG was used to  c a lc u la te  th e  b e s t  atom ic 
p o s i t io n s  o f  th e  phenyl r in g  members, th e  c o o rd in a te s  o f  th e  cen­
t r o i d s  o f  th e se  r in g s  and th e  th re e  E u le r o r i e n ta t io n  a n g les  P h i,
T h e ta , and R h o ,^  an id e a l iz e d  benzene r in g  was assumed in
16 ,a l l  c a s e s .  T reatm en t o f  th e se  d a ta  by means o f  ORFLSD (a  modi­
f ie d  f u l l - m a t r ix  l e a s t  squares program) d ecreased  th e  number o f 
v a r ib le s  and p a ram ete rs  n e ce ssa ry  fo r  l e a s t  sq u a re  re fin em en t and 
y ie ld e d  an R v a lu e  o f  0 .174, w ith  u n i t  w eigh t fo r  each r e f l e c t i o n  
and w ith  f ix e d  in d iv id u a l  tem p era tu re  f a c to r s  fo r  each group atom .
When th e se  r e s t r i c t i o n s  were r e le a s e d ,  and w ith  th e  a p p l ic a t io n  
o f a l / o ( F ) 2 w eig iting  scheme, two c y c le s  o f  ORFLSD gave R * 0 .126  
and R^ = 0 .110  where Rw * (SW(|Fq | - |Fc | ) s /ZM|Fq | 2 ) 1 /2 . At t h i s  
s ta g e  o f  re f in e m e n t, th e  h igh  v a lu e  o f R was though t to  be due 
to  th e  absence o f hydrogen atom s. When 42 hydrogen atom s, w ith  
c a lc u la te d  atom ic c o o rd in a te s  and f ix e d  i s o t r o p ic  tem p era tu re  fa c ­
t o r s ,  were in c lu d e d , v a lu e  o f  R = 0 .106  and R = 0 .103  were o b ta in ed  9 w
a f t e r  fo u r c y c le s  o f  re fin e m e n t. A rev iew  o f th e  o r ig in a l  d i f -  
f ra c to m e try  d a ta  re v e a le d  th a t  174 observed  r e f l e c t i o n s  were s y s te m a ti­
c a l l y  in  e r ro i ;  and th o se  r e f l e c t io n s  were thus d e le te d  from f u r th e r  con­
s id e r a t i o n .  Much low er v a lu es  o f R = O.O83  and R = 0 .0 6 4  were th u s  a t -w
ta in e d .  A n io s tro p ic  tem p era tu re  f a c to r s ,  w hich accoun t fo r  th e  e l l i p s o i ­
d a l m otion  o f  th e  atoms a t  room tem p era tu re , a re  known to  be s ig n i f i c a n t  
in  heavy atom s. When th e se  facto r-s were a p p lie d  to  th e  p la tin u m  atom
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and two phosphorus a tom s, R and R d ecreased  to  0 .0 8 1  and 0 .061w
r e s p e c t iv e ly .  None o f  th e  in d iv id u a l  p a ram ete rs  changed by more 
th an  h a l f  o f  an e s tim a te d  s tan d a rd  d e v ia t io n .  However, two o f 
th e  C-C bond d is ta n c e s  in  th e  o r ig in a l  cyclopropenone  r in g  seemed 
to  be too  s h o r t  r e l a t i v e  to  o th e r  known ca rb o n -ca rb o n  s in g le  and 
doub le  bond le n g th s .  T h is d isag reem en t prom pted f u r th e r  re f in e m e n t. As
th e  anam alous d is p e r s io n  c o r r e c t io n ^ d id  n o t y ie ld  improved r e s u l t s ,
l8an a b so rp tio n  c o r r e c t io n  was a p p l ie d . The a b s o rp tio n  in te g r a l
A was computed by means o f  th e  num erical summation method o f  ABSORB,
I 9
one o f  th e  com puter program  s e r i e s  in  th e  X-Ray J2 system . '
The c o rre c te d  s t r u c tu r e  f a c to r s  then  have th e  fo llo w in g  e x p re s s io n :
Fc o r  *
where A* = 1/A. The l i n e a r  a b so rp tio n  c o e f f i c i e n t  (m^) i s  c a l ­
c u la te d  to  be 38.32cm” 1 . The maximum and minimum A* v a lu e s  fo r
th e  d a ta  s e t  were c a lc u la te d  to  be 2 .1 2  and 1.3*1 • These c o rre c te d  
S tr u c tu re  f a c to r s  were o b ta in ed  and used fo r  a l l  f u r th e r  re fin em en t 
work. At th e  end o f  th e  e ig h th  c y c le  o f  w e ig h ted , r ig i d  
group, f u l l  m a tr ix  l e a s t  sq u ares  w ith  a l l  non-group atoms t r e a te d  
a n i s o t r o p ic a l ly ,  v a lu e s  o f  R = 0 .075 a °d = O.O58 were p roduced .
The e r r o r  o f f i t  o b ta in e d  from th e  e q u a tio n
EOF2 = W( |Fq | - |Fc J)2 /(n o  - nv) was 2 . 362 ;
nv i s  th e  number o f  th e  v a r ia b le  p a ram ete rs  and no i s  th e
number o f r e f l e c t i o n s .
In  th e  fo llo w in g  p a g es , s e v e ra l  t a b le s  a re  l i s t e d  : 
th e  f in a l  s e t  o f  atom ic c o o rd in a te s  o f a l l  the  atom s, bond d is ta n c e s
and bond a n g le s ,  E u le r  o r i e n ta t io n  an g les  fo r  th e  e ig h t  r i g i d
20phenyl r in g s ,  e q u a tio n s  o f  s e v e ra l  l e a s t  sq u are  p la n e s  d e f in e d  
by th e  n o n -p h e n y l-r in g  atom s, and f i n a l l y  th e  observed  and c a l ­
c u la te d  s t r u c tu r e  f a c to r s  fo r  a l l  observed  r e f l e c t i o n s  w hich were 
used in  th e  f i n a l  re f in e m e n t. The f ig u r e  p re s e n ts  th e  ORTEPC?'1' 
d raw ing o f  th e  m o lecu le  in  which th e  num bering scheme o f  th e  atoms 
i s  shown.
FIGURE I-I
MOLECULAR STRUCTURE OF [ ( C e H ^ a P l a P t t O C a C C e H s ) ^ ,  




FRACTIONAL ATOMIC COORDINATES AND 
TEMPERATURE FACTORS (B) FOR [(C eH gJaP^Pt[O C 3(CeH5)2 ]
15
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Atom _________ F r a c t io n a l  C o o rd in a tes_________  B
X ( 10* a) Y ( 104  a)  Z ( 104 a) (10  o)
P t 0 . 1220( 1) 0 . 2299( 1) - o . i 4o4( i ) #
PI 0.2091(6) 0 . 2271(8 ) -0 .0573(3) *
P2 0 . 2760( 7 ) 0 . 2264(9 ) -0 .1706(3) *
C37 - 0 . 0937( 18) 0.2496(20) -0 .1820(8) *
C38 -0 .0155(25) 0 . 2253( 24) - 0 . 2014( 10) *
C39 -0 .0319(24) 0.2556(31) -0 .1309(11) *
0 -0 .0588(15) 0.2696(21) -0 .0951(7) *
Phenyl A 0.1479(11) - 0 . 0084( 13) -0 .0104(5) 0 .6
Cl 0.1705 0.0975 -0 .0282 4 . 4( 10)
C2 0.2222 0.0682 0.0210 ^.6(9)
C3 0.2014 -0 .0377 0.0388 ^.0(9)
Cif 0.1289 -0 .1143 0.0074 3 .6(8 )
C5 0.0772 -0.0851 -0.0419 3 . 1( 8 )
c6 O.O98O 0.0208 -0 .0597 2 . 5(7 )
H2 0.2742 0.1232 0.0436 6.0
H3 0.2385 -0.0587 0.0742 6.0
H4 O .lllfO -0 .1903 0.0202 6.0
H5 0.0252 - o . i t o i -0.0645 6.0
H6 0.0609 0.0418 -0 .0950 6.0
Phenyl B 0.4836(11) 0.2324(13) - 0 .0136( 4 ) 0.1
C7 o .3674 0.2345 -0.0321 h ' 9 ( 7 )
C8 0.4252 0.3311 -0.0094 2 .1 (7 )
C9 0.5413 0.3290 0.0091 3 -8( 8 )
CIO 0.5997 0.2303 0.0050 4 .1 (7 )
C ll 0.5419 0.1336 -0.0178 3 . 2( 7 )
C12 0.4258 0.1357 -0 .0363 3 . 2( 8 )
H8 0.3833 0.4019 - 0.0064 6.0
H9 0.5828 0.3983 0.0254 6.0
H10 0.6830 0.2288 0.0183 6.0
Hll 0.5838 0.0628 -0.0208 6.0
HI 2 0.3843 0.0644 -0 .0526 6 .0
Phenyl C 0 . 1591( 8 ) 0.4361(12) 0 . 0042( 4 ) -0 .5
C13 0.1731 0.3428 -0.0238 ‘ 4 . 0( 8 )
c i 4 0.1773 0.4532 - 0.0414 4 . 2( 8 )
C15 0.1632 0.5465 -0 .0134 3 .^ (7 )
c i 6 0.1450 0.5295 0.0322 3 . 5( 7 )
CI7 0.1408 0.4191 0.0498 2 . 0( 6)
c i 8 0.1549 0.3257 0.0218 3 . 8( 8 )
h i4 0.1904 0.4654 -0.0741 6 .0
H15 0.1662 0.6258 -0 .0260 6.0
Hl6 0.1349 0.5965 0.0523 6.0
H17 0.1277 o .4o68 0.0826 6.0
Hl8 0.1519 0.2465 0.0345 6.0
18
Phenyl D 0 .4 2 2 0 (1 4 ) - 0 . 0034 ( 1 5 ) -0 .1 4 7 7 (5 ) 1 .3
C19 0 .3604 0 .0 9 6 6 -0 .1 6 1 4 1 .1 (7 )
C20 0 .3159 0 .0 0 5 4 -0 .1 4 2 0 2 .4 (9 )
C21 0 .3775 - 0 .0 9 4 7 - 0 .1 2 8 3 4 .5 (1 2 )
C22 0 .4836 - 0 .1 0 3 5 - 0 .1 3 4 0 6 .3 (1 2 )
C23 0 .5 2 8 1 - 0 .0 1 2 3 - 0 .1 5 3 4 6 . 1( 1 1 )
C24 0 .4 6 6 5 0 .0 8 7 8 - 0 .1 6 7 1 3 .8 (9 )
H20 0 .2 3 9 8 0 .0 1 1 7 -0 .1 3 7 9 6 .0
H21 . 0 .3 4 5 6 - 0 .1601 - 0 .1 1 4 3 6 .0
H22 0 .5 2 7 8 -0 .1 7 5 5 -0 .1 2 4 1 6 .0
H23 0 .6 0 4 3 -0 .0 1 8 6 -0 .1 5 7 5 6 .0
H24 0 .4 9 8 5 0 .1532 - 0 .1 8 1 0 6 .0
Phenyl E 0 .4295 (1^) 0 .4525(14) - 0 . 1250( 5 ) - 0 .2
C25 0 .3 6 7 4 0 .3538 - 0 . l 4 i 4 2 . 8 ( 7 )
C26 0 .4824 0 .3 4 6 6 - 0 .1 1 9 1 5 .1 (9 )
C27 0 .5 4 4 5 0 .4453 - 0 .1 0 2 7 5 .3 (9 )
C28 0 .4 9 1 6 0 .5512 - 0 .1 0 8 6 4 .8 (1 0 )
C29 0 .3 7 6 6 0 .5 5 8 4 - 0 .1 3 0 8 6 . 8 ( 1 2 )
C30 0 .3 1 4 5 0.4597 - 0 .1 4 7 3 2 . 8 ( 7 )
H26 0 .5 2 0 4 0 .2 7 0 7 - 0 .1 1 4 9 6 .0
H27 0 .6 2 7 0 0 .4402 - 0 .0 8 6 7 6 .0
H28 0 .5 3 6 1 0 .6 2 1 9 - 0 .0 9 6 8 6 .0
H29 0 .3 3 8 6 0 .6 3 4 3 - 0 .1 3 5 0 6 .0
H30 0 .2 3 2 0 0.4649 - 0 .1 6 3 2 6 .0
19
Phenyl F 0 . 2391 (9 ) 0 .28 0 2 (1 4 ) -0 .2 8 7 4 (5 ) 1 .0
C31 0.2535 0 .2549 -0 .2 3 7 9 4 .2 (7 )
C32 0 .2 8 9 6 0 .1 7 8 0 -0 .2 6 7 3 5 .6 (1 1 )
C33 0 .2248 0 .3 0 5 4 -O .337O 2 .9 (8 )
034 0 .2753 0 .2 0 3 3 -0 .3 1 6 9 3 .9 (9 )
C35 0 .1877 O.3 8 2 3 -O .3076 4 . 9 ( 10 )
C36 0 .2 0 3 0 0 .3570 - 0 .2 5 8 0 6 . 3 ( 1 1 )
H32 O.3258 0 .1047 -0 .2 5 2 9 6 .0
H33 0.214-5 O.3 2 6 3 -O .3726 6 .0
H34 0 .3 0 1 2 0.1481 -O .338I 6 .0
H35 0.1525 0 .4556 - 0 .3 2 2 0 6 .0
H36 0 .1 7 7 1 0 .4122 - 0 .2 3 6 8 6 .0
Phenyl G - 0 . 3261( 1 3 ) 0 .2825(15) -0 .2 2 4 3 (6 ) 1 .5
c4o - 0 .2 1 0 5 0 .2709 - 0 .2061 1 . 8 ( 6 )
C4l - 0 .2 7 2 6 0.1951 -0 .2 4 1 7 2 .9 (9 )
Ck2 - 0 .3 8 8 3 0 .2067 -0 .2 5 9 9 8 .1 (1 3 )
ck-3 -0 .4 4 1 7 0.2941 -0 .2 4 2 5 6 .9 (1 1 )
C44 - 0 .3 7 9 6 O.3696 - 0 .2 0 6 8 5 .6 (1 1 )
cif5 -0 .2 6 4 0 O.3 5 8 2 - 0 .1 8 8 6 4 .9 (1 0 )
H4l - 0 .2 3 4 3 0 .1324 - 0 .2 5 4 2 6 .0
H42 - 0 .4 3 2 8 0 .1524 - 0 .2 8 5 5 6 .0
h43 - 0 .5 2 4 7 0 .3024 - 0 .2 5 5 6 6 .0
h44 -0 .4 1 7 9 0 .4325 - 0 .1 9 4 4 6 .0
H45 -0 .2 1 9 4 0 .4126 - 0 .1631 6 .0
Phenyl H - 0 . 0419( 1 0 ) 0 . 1738( 1 5 ) - 0 . 3093( 6 ) 1 .7
C46 - 0 .0251 0 .1 9 9 9 - 0 .2 5 9 5 6 .1 (1 1 )
ck j 0 .0 1 1 4 0 .0 9 5 8 -0 .2 4 6 4 4 .3 (1 0 )
C48 - 0 .0 0 5 4 0 .0 6 9 6 - 0 .3 3 1 8 3 .7 (9 )
ch-9 - 0 .0 5 8 7 0 .1 4 7 7 - 0 .3 9 4 6 3 .2 (9 )
C50 - 0 .0 9 5 2 0 .2 5 1 9 - 0 .3 7 2 1 2 .7 (7 )
C51 - 0 .0 7 8 4 0 .2 7 8 1 - 0 .2 8 6 7 * .3 (8 )
Hit-7 0 .0 4 9 7 0 .0 3 9 7 -0 .2 4 6 4 6 .0
H48 0 .0 2 0 9 - 0 .0 0 5 1 - 0 .3 3 1 8 6 .0
Hh-9 -0 .0 7 0 7 0 .1 2 9 0 - 0 .3 9 4 6 6 .0
H50 - 0 .1 5 3 4 0 .3 0 7 9 - 0 .3 7 2 1 6 .0
H51 -0 .1 0 4 6 0 .3 5 2 8 - 0 .2 8 6 7 6 .0
* A n iso tro p ic  T em perature P a ram e te rs  fo r  th e  Seven Atoms a re  defined
exp H h e j3xl + k2j 9 + l 2/833 + 2 (h k & 2 + hlj8 j3  + 4 1 jSs 3 )^ 1 }
Itom f t ix lO 5 j322xl ° 5 033X1O5 /3X 2x 1 0 5 /Sl3 x l0 5 /3g3x io 5
P t 482(20) 597( 1 3 ) 112 ( 2 ) -7 (1 ) 110( 36) - 23( 8 )
PI 755(88) 198( 7 8 ) 149 ( 1 6 ) 198(91) 218(31) 3M 4)
P2 805(97) 770 ( 1 0 ) 156 ( 1 1 ) 7 (9 ) 310(35) U ( 4 )
C37 713(22) 532 ( 2 6 ) 71(4) -4 2 (2 0 ) 195(8) -1 0 7 (9 )
038 1313(30) 48 (2 ) 173 ( 5 ) -249(30) 3 1 5 (H ) - 9 0 ( 1 1 )
C39 560(25) 1599(41) 136( 5 ) 322(31) 2 1 7 (10) - l* ( 2 )
0 703(16) 1573(25) 175(4) 296(19) 197( 6) -1 0 (9 )
EULERIAN ROTATION 
RIGID PHENYL RINGS
TABLE 1 -2  
ANGLE (DEGREES) FOR THE EIGHT 
FOR [(C 6H5 )3 P ]2Pt[OC3(CeH5 )2 ]
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Group P h i (10  a ) T heta  (10  a ) Rho (10 a)
Phenyl A 6 4 .7 (1 6 )
P henyl B 1 7 .5 (8 )
Phenyl C -4 5 .1 (8 )
Phenyl D -1 6 .3 (8 )
Phenyl E -1 8 .4 (8 )
Phenyl F 6 .0 (6 )
Phenyl G 3 6 .4 (1 1 )
Phenyl H - 1 5 . 2 ( 6 )
-5 7 .5 (7 ) -5 3 -7 (1 6 )
5 .9 (6 ) -2 2 .1 (6 )
- 2 8 . 8 ( 6 ) -1 2 9 .7 (8 )
-6 5 .4 (7 ) -1 6 .1 (7 )
5 4 .7 (7 ) -1 9 .6 (7 )
2 9 -1 (8 ) 7 5 .2 (7 )
1 0 .2 (6 ) 153-9(10)
2 3 -5 (8 ) 8 6 .9 (7 )
TABLE 1 -3
BOND LENGTHS (A), ATOMIC SEPARATIONS (A), AND 
BOND ANGLES (DEGREES) FOR [ ( C6H5 ) 3P j  2P t[OC3(CeH5 )2 ]
23
Bond Lengths
P t -  P I 2 . 279 ( 8 )
P t  - P2 2 . 339( 10 )
P t  -  C38 2 .0 4 (3 )
P t  -  C39 2 .0 5 (3 )
C37- C38 1 .2 9 (5 )
C37- C39 1 .4 2 (5 )
C39- 0 1 .1 7 (4 )
C38-  C46 1 .6 4 (3 )
C37-  c4o 1 .4 4 (3 )
P I - Cl 1 .8 6 (2 )
P i - 07 1 .9 0 (2 )
P l - CI3 1 .7 9 (2 )
ospHu1CKlPl , 1 .8 3 (2 )
P2 - C25 1 .9 1 (2 )
P2 - C31 1 . 87 ( 2 )
Atomic S e p a ra tio n s
P t  - 0




2 . 9 6 ( 2 )
2 . 62 ( 2 )
2 . 0 9 ( 5 )
2 .3 7 (3 )
3 .1 0
Bond Angles
PI - P t  - P2 100 . 7 ( 3 )
P i -  P t - C39 9 2 .6 (8 )
P2 - P t -  C38 1 05 . 8 (9 )
C38- P t - C39 6 1 . 7 ( 1 2 )
P t  -  C38- C37 101 .0 (18)
C38- C37- C39 101 .1 (22)
P t  - C39- 0 131 . M 2 0 )
C37- C39- 0 132 .5(27)
P t - C39- C37 9 6 .1 (2 1 )
P2 -  P t - C39 1 6 ^ .9 (9 )
P i - P t - C38 153-M lO )
TABLE 1 -k
RESULTS FROM PLANET FOR [ ( C6H5 ) 3P ]2Pt[OC3(C6H5 )2 ]
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E q u a tio n s  o f  P lan es  
(E x p ressed  in  F r a c t io n a l  C o o rd in a te s  o f  th e  U nit C e ll)
P lan e  1: 1 .8 4 2 x  + 1 1 .5 0 %  -  ^.5702  - 3 . 5I I  = 0
D e fin in g  A tom s: P t ,  C3 8 , C3 7 , C39
P lan e  2 : 1 .660x  + 11.560y -  3 .7872  - 3 .392  = 0
D e fin in g  Atoms: P t ,  C3 8 , C37, C39, 0
P lan e  3 : - O .503X - 11.710y - O.OO32 +  2 .755 = 0
D e fin in g  Atoms: P t ,  C3 8 , C37» C3 9 , P I ,  P2
P lane  %  -O .83OX - 1 1 .69%  + O.kSjz  + 2 .861 = 0
D e fin in g  Atoms: P t ,  C3 8 , C37, C3 9 , 0 ,  P I ,  P2
P lan e  5 : - O .362X -  11.715y + 0 .0 3 1 z '+  2 .7 ^2  = 0
D e fin in g  Atoms: P t ,  C3 8 , C39, P I ,  P2
P lane  6 : - O .285X - 1 1 .7 l6 y  - 0 .096z +  2 .715 = 0
D e fin in g  Atoms: P t ,  P I ,  P2
P lane  7 : - l l . i j . 35x - lj-.8l3y + 6 .3 9 7 2  + 2 .336  = 0
D e fin in g  Atoms: C46, Ck j ,  C48, C % , C50, C51
P lan e  8 : b .2k2x  +  7 . 0 6 %  - 22.U l7z - 5 . 6UO = 0
D e fin in g  Atoms: C^O, Clj-1, Ch2, CU3 , CU4, C%
D is ta n c e s  o f  Atoms from P la n e s  ( A)
P t P I P2 C37 C38 C39 0
P lan e  1 -0 .0 2 5 2  0 .3 8 l4  O.OI95 - 0 . 0 2 j k  -0 .0300  -O.O833
P lan e  2 . -0 .2 0 2 4  O.3296  0 .0273 -0 .0 5 0 4  O.OO69 -0 .0127
P lan e  3 0 .0 0 1 7  -O.OO96  -O.O347  -0 .1 2 0 3  0 .1249  -0 .2 2 3 0  -O .3723
P la n e  4 O.OO37 0 .0043  -O.O978  -O.O678 0 .1421 -O .I658  -O .2887
P lan e  5 0 .0005 0 .0042  - O .I526 - O .I 535 -0 .1 0 2 3  -0 .2 4 5 7  -O .3978
P lan e  6  -O .1653  O.0989  -0 .2 5 9 3  -0 .4179
P lan e  7 0 .1405
P lan e  8 -O .I943




1 3 17 0 .0 6
1 b 171.38
1 5 169 .85
1 6 169.49





2 6 171 .10
2 7 121 .36
2 8 44 .74
3 4 1.59
3 5 0 .70
3 6 1 .0 0
3 7 6 3 .4 2
3 8 12 7 .3 4
4 5 2 .1 5
4 6 2 .5 3
4 7 6 1 .9 6
4 8 12 8 .4 3
5 6 0 .3 9
30
5 7 64 .08
5 8 127-33
6 7 64 .42
6 8 127.05
7 8  12 1 .2 3
TABLE 1-5
STRUCTURE FACTOR TABLE FOR [(CeHB^PlsPttOCaCCeHs)-,] 
(VALUES ARE MAGNIFIED BY TEN TIMES)
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ta ti ical l* 
l i l t  MCI I* 
M «  I H  ! •  •II Nf t- 
III IN I* 
l i t  IH I* 
III ••• I- 
Mi III I" 
H i Nl I* 
ACA N* I - •AC II* • 
AMI INI • 
■Ml MH • 
Mil Mil I 
••I HI I 
Ml III I
IH  IH t 
IC* IH I 
l i t  HI I 
•a* l i t  t
•III Mil • 
►•It MU ••a«i m i  •
CM III • 
CAC Ml • 
HI »•• •
CM Ml C 
IH III f
1 1 1  111 r 
m i i n  r 
cm tea c 
ia* cm • 
HI ••« I 
MCI fill I 
•CM IH • 
III CM • 
IH III  •
car ••• i 
h i  ••• I 
CCM CM •
CMI HI • •Cl ••• •
ICC III •
Mfl MCI • 
•Ml IHI • 
III! MCI •
• 1C MC •
•»• cc* •
• •• IH • ■I* ••• •
HI IH •
t t t l  IICl 4 
•CM CMI I 
••a h i  a 
ace ca* a 
•mi can • 
IMI 4MI • 
•Ml Mil •
• III CMI •
cba ma •
••II CCCI •
aaa c«a ■ 
a«a ••• •
IMI MCI »
•ta m i • 
••• ••• • 
••• ll« I
•cat acci M 
Mil caM *i 
•••I CCM M 
CM ••• II
• ■II Mil M 
CIC IH •»
••• c«a >i
•M HC II 
M* H t II 
Ml ••• II
•ca m  ii
CCC MC M
am  m i ai
MC CM Cl 
CM CCC M 
CM CIC M 
••• III Cl 
•■• ••• II 
ac* ••► ci 
iaci »aci n  
can acn n
ICC MC •! 
MCI MM *1 
alM CCII M 
•ac cca M
acc acn m
CMI MCI M 
IC4 MM M 
MC MC CC 
CIM HCI M 
••• IMI CC 
MC CM 
CC* CCM II* 
••a Me *a- 
CMI Mil •«- 
MC M* II* 
CMI CCCI •■-
a** mc cc*
MC MC CC* 
••• ll« CC* 
•HI CM CC* 
••Cl MCI CC* 
cm caai cc* 
•m  ••• ic*
••• M« IC*
••a i n  ic*
•Ml CMI II* 
CM ••• M*
cm aaa •■*
MCI MCI M* 
CC 4 CM d -  
CM acc M* 
CM ca* M*
IC* MC M* 
IMI IMI at­
tic  cia ct-
H« ICC II*
• H M*l I l ­
iac M* CI- 
CCC ••• Cl*
acci net i i*
•••I MM II-
•act CMI II 
CCII MM M 
cc* i h  ai 
cm i l l  ai
it* a■•• at 
m * aiii ai
CM III •!
ta* taa m 
•CM CCM M
• ic ac a ••
CCM MCI •• 
CMI MM *1
• lie CMC M 
CCCI CMI M 
Mai Mat •• 
•ca M4 ct 
can ecu ci 
MM CMI ci 
IMI 4 IM ci 
•M H* M 
MC *ac M 
•ca cca m 
Mai (HI M 
•ac CM M 
CMC MIC *1 
•cat MCI M 
•MC MIC *1 
CM CM
act mc ci
IH IMI Cl 
••II Mil fl 
MCI Mil Cl 
CM ••• Cl 
Mil act! Cl
• IC ••• Cl 
•4«l MM Cl 
MC CM Cl 




i h  ca* tt
CM CCC II 
BM IH II
aaa ice n  
MC CM II 
M* ICC II
• I* IH  M
mm aaci m
III) cell M 
•CM l*CC Cl
•ca tea ct 
cm ••• a*
MM ••• •*••• ••• ft-
an  ci* •-
MC MC I-
ih  ac* •*
•Ml MCI •- 
IBM MM •* 
CCCI CCCI •*
• ICC MCI •- 
INC CMC •-
•«« mc a* 
ice c*c a*
• ic m i a*
MCI mm a*
14* H I 4-
i h  *a* a* 
n t  ••• c*
ICC Ml I* 
MC tl* •- 
ICC MC •* 
•CM MCI •*
Ha ic* •-
MCI CCII I* 
CIM MCI •* 
MM Mil I-
ac* ••• a* 
CCCI MM •*
• i »i acci •- 
cm  mci ■- 
••• ••• •* 
••• ca* •-
••Cl MCI *-
mc ca* i* 
•cat tcct *•
• •• *IA •*
etai mci *- 
•ici acci •*
Ml Ct* I* 
MCI M* C- 
••• MC C*
ac*t m *i c* 
t*ct ac*i •- 
it» ICC I- 
!•• CIM I- 
CIC ••• I-
• ICI tH I C*
••* ca* >•
•C* IM I*
c u t cmi a*
MC* MM I- 
H t M* I* 
IH Cl* I*









CM MCI C 
• c a  m c  •  
CMC CMC • 
CM *4* I 
MC CM I 
IICl MCI I 
Ml MC I 
MC ••• I 
*€• MC C
mc cca • 
cca aac a 
■•• mc c 
•a*i mm c
CCM CMC c
•ca i teal •




•mi m* r 
ac* mc c 
•I* etc » 
at* M» •
*•1 1  CMI • 
ac* CM • 
•ait citt •  
•tc n»  •
MCI MCI • 
•M III •
• IC CM •
ac* cmi c
•III CCII •





•Ml Mil • 
MCI MCI • 
••cc cate • 
cccc a m  • 
cm cm a 
aca cca a 
mc ccc a 
•tc *14 a 
tee mc a 
•m cca a 
cca mi a 
mc mc a 
•cc ccc a 
ic* ccc •
•Ml MM • 
Cite CCM • 
1**1 MM •
mc acc •
aic aa* * 
cca cm •  
•act mci •
MC ICC •
MM CM • 
MC *4C • 
•ca taa •
•aa i h  ci mci •••• ci
•  IM CCCI Cl 
••If MIC Ct 
•CM MIC Cl 
•cc #•• It 
tc* CM II 
CC* IM tl 
•CC *M It 
•IC IH  II 
H( IM Cl 
•Ml li lt  M 
IM ••• Cl
• •IC MM Cl 
•at MI Cl 
•CM MM Cl
• CC M* Cl 
•CC IM Cl
a«a *ic ci
•ta mc ci 
•ta cm •■
• M ••• *1
CMI CCII *1 
ICC CM *1
t i n  n i t  ci 
AM CCC *1
ccc ac* *i 
m i  a ll Cl 
••• cca ct
•  IC CM Cl
•ac ••• ••
iaci te n  *i 
aca eta «i 
mm  cact *i 
IM •!* *i
leal mci •• 
mc cm ai
MC MC 41 
•** M* Ct 
CCCI HCI M 
MM MCI Cl 
M* H« •! 
MC MC *1 
MC CM *1 
ICC M* M
mc a*n cc 
ICII aMI cc 
CM MC IC 
•M IMI CC 
•H ••• CC
•cc Cia •*
•B* H I »C 
a*a *ic cc 
••a mc cc
•CC ICC cc
••a *cc cc 
••• i*a tc 
•cc MA M 
CCC IM Cl
• IC etc cc 
•cc ccc *c
AM MC *■
• IC ••• cc
CM Ml M 
acci can ai 
tee *cc II ••* ice •• 
ac* cic ci 
•*• act ci 
ca* mc ai 
CCM C*ll M 
CCCI IACI Cl 
AMI Mil Cl 
CCC *M *1
•ca cc* ct
•M MC Cl 
CC* •*• Cl
mc i n  ci
ACM IMI M 
ICAI CCM M 
IMI CICI »l 
MC *AC M 
•M Mft Cl 
•ail ci* ct 
•a* m i ct 
CM M* Cl 















im i n e t  
!•*• m i













• Ml CC»I 
•••I MCI 








• •Cl CMI 
IICl CCCI
m u  te n
•••I MCI 



















•ta an  
•n  •■• 
•ac im  
mc im  
•Ml Mil 
AM II* 



















im  c*a 
aaa ca*
■ IC IM














•III CMI••• cia 
n c  aac
cm ci a 



























• IM CMI 
CCCI CMI














••a eta ••• acc 
cca ica 
• I t  etc 










ICII I CM 
nee cmi 
•CCI CIM 





•Ml CCM •*• It* 
•Ml tM 
•*•
im  aic 
■••I aval
• IB IM 
MCI I CM 
••■ MC 
























mb in  
cm ••• 
acn ttti 
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The complex I s o la te d  by Baddley from th e  r e a c t io n  o f  P t(P P h 3) 4 
and DPCP has a  t o t a l l y  unexpected  s t r u c tu r e ,  t h a t  o f  a  m e ta l la -  
cy c lo b u ten o n e  In  which th e  m e ta l atom has been I n s e r te d  I n to  a  
carb o n -ca rb o n  s in g le  bond O fthecyclopropenone. M e ta lla c y c lo b u te n o n e  
has been su g gested  as  an in te r m e d ia te d  in  th e  h y d ro c a rb o x y la tio n  
o f  s u b s t i t u te d  a c e ty le n e  c a ta ly z e d  by n ic k e l  te t r a c a r b o n y l  and 
a ls o  a s  a  p ro d u c t in  th e  i r r a d i a t i o n  o f ahexane s o lu t io n  o f  t r a n s -
23
t r i c a r b o n y l - b i s (  tr im e th y lp h o sp h ite )ru th e n iu m  and h e x a f lu o ro b u t-2 -y n e . 
The s t r u c tu r e  o f  th e  au then tica ted  p la tin a c y c lo b u te n o n e  com-
2kp le x  as  de term ined  by s in g le  c r y s ta l  d i f f r a c t i o n  and re p o r te d  
h e re in * n o t on ly  d em o n stra tes  th e  e x is te n c e  o f such  compounds bu t 
a ls o  d is p la y s  a  new ro u te  by which DPCP may r e a c t  w ith  m e ta l com plexes. 
F ig u re  1-2  shows th e  ORTEPG th re e -d im e n s io n a l draw ing  o f  th e  m o lecu le . 
The 1 ,1 - Bi s ( tr ip h e n y lp h o s p h ln e ) - 2 ,3 “d ip h e n y l-1- p la t in a c y c lo b u t -  2- 
ene-U -one m olecu le  c o n s is t s  o f  a P t ( l l )  atom sigm a-bonded to  two 
c i s  ca rb o n  atoms w hich , w ith  two e l s  tr ip h e n y lp h o sp h ln e  g ro u p s , 
com prise  a  d i s to r te d  sq u a re  p la n a r  environm ent abou t th e  c e n t r a l  
m e ta l atom . The C -Pt-C  bond an g le  o f  61 .67° shows th a t  th e r e  i s  
c o n s id e ra b le  d e v ia t io n  from a re g u la r  sq u are  p la n a r  c o o rd in a tio n
symmetry about th e  m e ta l .  The C-OC bond a n g le  in c re a s e s  from
2561. 3°  w hich i s  found in  DPCP to  101. 1°  a f t e r  c o o rd in a t io n .  The 
le a s t - s q u a r e s  p lan e  o f  P tC 3 r in g  i s  n e a r ly  c o p la n a r  w ith  th e  P tP 2 
m o ie ty , s in c e  th e  d ih e d ra l  an g le  i s  on ly  8 .9 ° .  A l e a s t - s q u a r e s
3k
FIGURE 1 -2




p la n e ,  th e  mean m o le c u la r  p la n e , i s  a lm ost p e rp e n d ic u la r  to  th e
b a x is  o f  th e  c r y s t a l  and p a sse s  th rough  th e  P^PtC3 p o r t io n  w ith
a maximum d e v ia t io n  from th e  p la n e  o f  0 .2  X .
The p h o sp h orus-pheny lcarbon  bond d is ta n c e s  do n o t d i f f e r
s i g n i f i c a n t l y  from each  o th e r  and th e  mean v a lu e  o f  1 .8 4 (2 ) A
compares fa v o ra b ly  w ith  th a t  o f  1 . 823 ( 3 ) X observed in  f r e e  t r i -
p h e n y l p h o s p h i n e ^  T h e  tw o  P t - P  d i s t a n c e s  a r e  2 .279 (8 ) A a n d  2 .3 3 9 (1 0 ) X»
T h e  s h o r t e r  P t - P  d i s t a n c e  i s  s i m i l a r  t o  P t - P  d i s t a n c e s  f o u n d  i n
o th e r  p la tin u m  com plexes c o n ta in in g  tr ip h en y lp h o sp h in e  l ig a n d s :
27
Bi s ( tr ip h e n y lp h o s p h in e ) - ( 1 ,2 - d ime th y 1c y c lo p ro p en e )p la tin u m ,
28
2 .2 8 ( - )  l a n d  2 .2 9  A; B is ( tr ip h e n y lp h o s p h in e ) - ( e th y le n e Jp la tin u m ,
29
2 .2 7 (" )  A; B is ( tr ip h e n y lp h o s p h in e )a l le n e -p la t in u m , 2 .2 7 8 (9 ) A, 
and 2 .2 8 6 (9 ) A. A p o s s ib le  tra n s - in f lu e n c e P ®  e x e r ted  by th e  two 
d i f f e r e n t  carbon  m o ie t ie s  may e x p la in  th e  s ig n i f i c a n t  ( f i v e  e . s . d . ' s )  
d if f e r e n c e  betw een th e  two P t-P  bond le n g th s ,  the  s h o r te r  (2 .2 8  A)
'IT
g r o u p .
The P t-C  sigma bond d is ta n c e s  o f 2 .0 4 (3 ) and 2 .0 5 (3 )  A found 
in  t h i s  compound a re  s t a t i s t i c a l l y  e q u iv a le n t to  th o se  re p o r te d  
in  th e  l i t e r a t u r e :  B is ( tr ip h e n y lp h o s p h in e ) - ( 1 ,2 - d im e th y Icy c lo -
p ro p en e)p la tin u m ?7  2 . 1 2  and 2 . 1 1  A; te tra c y a n o e th y le n e -p la tin u m -
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b is ( t r ip h e n y lp h o s p h in e ) , 2 . 1 0 ( 3 )  and 2 . 1 1 ( 3 )  1» B is ( t r ip h e n y l-
28
p h o sp h in e )e th y le n e  p la tin u m , 2 . 1 1  A; C y c lo p e n ta d ie n y l- ( tr im e th y l) -
p la tin u m (lV ) 2 . 1 1  1 (m ean).
The 1 . 2 9 ( 4 )  A d is ta n c e  betw een C37 and C38 r e v e a l  t h a t  th e  
in d iv id u a l  dou b le  bond c h a r a c te r  i s  la rg e ly  r e ta in e d
: - U > -t r a n s  to  th e  ( -  fc»C) -g ro u p , th e  lo n g e r (2 .3 4  A) t r a n s  to  th e  (
(T ab le  1 - 6 ) .  The a n a ly s is  o f  th e  s t r u c t u r a l  f e a tu re s  o f th e  C3 -0  
m o ie ty  I s  l im ite d  by th e  sm all amount o f  a v a i la b le  In fo rm a tio n .
Bond le n g th s  o f  0=0, C-C, and 0=0 bonds f o r  some re la te d  th re e -  
membered r in g  and four-membered r in g  system s a re  a ls o  l i s t e d  In  
T ab le  1 -6  f o r  com parison . A ll co rre sp o n d in g  bond le n g th s  compare 
fa v o ra b ly  wiih each o th e r  when th e  s ta n d a rd  d e v ia t io n s  a re  tak en
35in to  c o n s id e r a t io n .  The le n g th  o f th e  C=C bond in  cyclopropene
o ^4i s  1 .3 0  A w h ereas , th e  C-C bond in  t r i s o p ro p y l id e n e  cyclopropane^
i s  1 .4 4  A. The mean o f  th e se  d is ta n c e s ,  1 .37  A, i s  n ear th e  1 .373 A
C-C le n g th  found in  tr ip h en y le y e lo p ro p e n iu m  p e r c h lo r a te ^  which
i s  th e  a ccep ted  p ro to ty p e  f o r  th e  s ta n d a rd  co m ple te ly  d e lo c a liz e d
cyclopropen ium  r in g .
No enhanced carbon-oxygen doub le  bond c h a ra c te r  i s  d e te c te d .
The 1 .1 7 (4 )  A v a lu e  does n o t d i f f e r  a p p re c ia b ly  from th ose  v a lu e s
l i s t e d  in  T ab le  1 -6 . Resonance o f th e  ca rb o n y l bond w ith  th e
a l l y i c  C**C doub le  bond i s  a l s o  no t im p o r ta n t;  o th e rw ise , a l a r g e r
C- 0  d is ta n c e  would be a n t ic ip a te d .  The oxygen atom l i e s  0 . 2 9  A
below th e  P2PtC 3 mean m o le c u la r  p la n e . No in te r a c t io n  between
th e  P t  atom and th e  0 atom i s  p o s s ib le  due to  th e  la rg e  s e p a ra t io n
of 2 . 38( 3 ) A between them.
A th r e e  d im en sio n a l model shows th a t  th e  s p a t i a l  arrangem ent
o f  th e  e ig h t  pheny l r in g s  i s  such th a t  th e  non-bonding in t e r a c t io n s
a re  m in im ized . T h is arrangem ent a l s o  y ie ld s  th e  b e s t e x p la n a tio n  f o r  th e
o r i e n t a t i o n  o f  th e  two cyclopropenone phenyl r in g s  which a re  a lm ost
25
c o p la n a r  w ith  th e  C3 p la n e  in  u n co o rd in a ted  DPCP, ( tw is te d  by 
o n ly  6 . 2° )  b u t o r ie n te d  w ith  a n g le s  o f  5 8 *6°  and H . 70  w ith  re s p e c t
TABLE 1 -6  
RELATED CARBON CARBON SINGLE BONDS, 
DOUBLE BONDS AND CARBONYL BOND DISTANCES ( I )
39
4o
COMPOUNDS C=C C“ C C-C 0 0
33C yclopropanone 1.575 1 .1 9 1
T riso p ro p y lid e n e  C yclopropanl^ 1 .44
C y c lo p ro p an e^ 1 .3 0
Cyclopropenone?^ 1 . 302 ( 3 ) 1 .412 (3 ) 1 . 212( 2 )
37T rip h en y lcy c lo p ro p en iu m
p e r c h lo r a te 1 .3 7 3
252 , 3 -D ip h en y lcy c1opropenone ' 1 .3 5 6 (4 ) 1 .4 0 9 (4 ) 1 . 222( 3 )
C yclobutene?^ 1 .3 3 (4 ) 1 .5 4 (1 )
1 ,1 -B is ( tr ip h e n y lp h o s p h ln e ) -  
2 ,3 - d ip h e n y l - l - p la t in a c y c lo b u t -  
2 -e n e -4 -o n e  1 .2 9 (4 ) 1 .4 2 (3 ) 1 .1 7 (4 )
k l
to  th e  mean m o le c u la r  p lan e  a f t e r  c o o rd in a t io n . No in te rm o le c u la r  
d is ta n c e s  l e s s  th a n  Van d e r Waals* d is ta n c e s  a re  found.
BONDING
The proposed  s t r u c tu r e s  o f  t r a n s i t i o n  m e ta l cyclopropenone 
com plexes d i f f e r  g r e a t ly  in  th e  mode o f  bonding between th e  m e ta l 
and th e  r in g .  The f iv e  p o s s ib le  bonding modes a re  d iscu ssed  below 
and l i s t e d  in  T able I - 3 .
TYPE I  ( M e ta l -O le f in ic ) BONDING
In  view  o f  th e  n u c le o p h i l ic  n a tu re  o f  th e  C=C double bond 
(a  s o f t  b a s e ) ,  c o o rd in a tiv e  a d d i t io n  to  a s o f t  a c id  m etal m oie ty  
m igh t be e x p e c te d . There a re  two ways o f  v iew ing  such a m e ta l-  
o l e f i n  bond. In  th e  f i r s t  way, th e  o l e f i n  group a c t s  l ik e  a d ic a rb a n io n  
and fu n c tio n s  a s  a  b id e n ta te  lig a n d  w ith  w hich th e  m etal forms two
c o o rd in a te  c o v a le n t sigma bonds. An a l t e r n a t i v e  bonding scheme
39
i s  known as  th e  D ew ar-Chatt-D uncanson model in  which the  o l e f in i c  
n odal p la n e  i s  e i t h e r  p e rp e n d ic u la r  to  th e  p la n e  o f  th e  complex 
(b ack  d o n a tio n  from m eta l dTT o r b i t a l s  to  th e  an tib o n d in g  o r b i t a l  
o f  th e  o l e f i n i c  group i s  p e rp e n d ic u la r )  o r  in  p lan e  w ith  the  
p la n e  o f  th e  m e ta l complex (P i back d o n a tio n  i s  in  p la n e ) .
A lthough Type I  bonding i s  commonly found in  some m e ta l-u n s a tu ra te d
?8sm all r in g  com plexes such as P t-d im e th y lc y c lo p ro p en e (a ) and M - th i i r e n -  
l , ld io x id e (b ) ^ ° (M  -  P t ,  Pd, I r ) , no such s t a b l e  complex w ith  a  c y c lo -
07
propenone has been o b ta in e d . V is se r '" 1 re p o r te d  th a t  in  th e  r e a c t io n  o f  
m eth y lcy c lo p ro p en o n e  w ith  b is ( t r ip h e n y lp h o s p h in e ) ( e th y le n e )p la tin u m  
a t  -6 5 °C , a c r y s t a l l i n e  complex in  which th e r e  i s
FIGURE 1-3  
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(a ) (b) (c)
c o o r d i n a t i o n  t o  t h e  c a r b o n - c a r b o n  d o u b l e  b o n d  w a s  o b t a i n e d .  H o w e v e r ,  
t h i s  c o m p l e x  i s  u n s t a b l e ,  a n d  t h e  p r o p o s e d  s t r u c t u r e  ( c )  h a s  n o t  
b e e n  v e r i f i e d .
TYPE II (Metal-Tf Carbonyl) BONDING
A l t h o u g h  i t  i s  c o n c e i v a b l e  t h a t  t h e  c a r b o n y l  T t - s y s t e m  c o u l d  
f o r m  a  p r t y p e  b o n d  s i m i l a r  t o  t h e  m e t a l - o l e f i n  b o n d  d i s c u s s e d  
a b o v e j  a n d  e v e n  t h o u g h  c a r b o n  d i s u l f i d e ^ l m s  b e e n  s h o w n  t o  f o r m  
s u c h  a  b o n d  t o  p l a t i n u m ,  n o  c o n v i n c i n g  e v i d e n c e  f o r  a  c a r b o n y l -  
m e t a l  p r b o n d  h a s  b e e n  p r e s e n t e d .  P r e s u m a b l y ,  t h e  i n a b i l i t y  o f  
t h e  c a r b o n y l  g r o u p  t o  f o r m  a  u r b o n d  s t e m s  f r o m  t h e  e x t r e m e  e l e c t r o ­
n e g a t i v i t y  o f  t h e  o x y g e n  a t o m .  T h i s  e l e c t r o n e g a t i v i t y  d e c r e a s e s  
t h e  s p a t i a l  e x t e n t  o f  t h e  IT a n d  TT* o r b i t a l s ,  t h u s  r e d u c i n g  t h e  
o v e r l a p  b e t w e e n  m e t a l  a n d  l i g a n d  o r b i t a l s .
k3TYPE I I I  (M etal-O xveen) BONDING
The n e a r  e q u iv a le n t  o f  th e  mean v a lu e  (1 .3 8 2 ^ ) o f  th e  C-C
s in g le  bond and C=C dou b le  bond in  DPCP to  th e  1 .373 ^  found in
37th e  cyclopropen ium  r in g ^  and th e  sm all d i f f e r e n c e s  between th e  
le n g th s  o f  th e s e  two bonds and t h e i r  mean le n g th  ( 0 .0 2 7  A) in d ic a te  
th a t  th e  cyc lo p ro p en o n e  system  m igh t have some cyclopropenium
o*5
c h a r a c te r .  F u rth e rm o re , th e  la rg e  ( 5 .1 3  D) d ip o le  moment o f  
DPCP shows t h a t  th e r e  i s  c o n s id e ra b le  ch arg e  s e p a ra t io n .  Thus, 
th e  av erag e  re so n an c e  s t r u c tu r e  below (d ) may make a s iz a b le  con­




Since t ie  coygen atom c a r r i e s  e x c e s s iv e  n e g a tiv e  c h a rg e , 0  ->M bond­
in g  m igh t be e x p ec te d . BircP has c a r r ie d  o u t e x te n s iv e  s tu d ie s  
on th e  r e a c t io n s  o f  a s e r i e s  o f  m e ta l h a l id e  complexes w ith  DPCP.
The proposed  s t r u c tu r e s  a re  deduced from i r  s p e c t r a .  The I n f r a r e d  
spectrum  o f  th e  f r e e  DPCP m olecu le  shows two s tro n g  a b s o rp tio n  
bands a t  l850cm "l (C"C s t r e tc h in g )  and l640cm“ l  (C**0 s t r e t c h i n g ) .
I t  was found th a t f o r  a l l  com plexes th e  i r  band a r i s in g  from 0 0
s t r e tc h in g  s h i f te d  to  low er en erg y . (C a. 1590°®"l ) T h is  s h i f t
41
p a r a l l e l s  th a t  observed  when m ethanol i s  added to  a  CC14 s o lu t io n  
o f DPCP. T h is  i s  in te r p r e te d  to be evidence fo r  methanol-DPCP hydrogen 
bonding . Type I I I  bonding was a ls o  p roposed  by O rchii? who in v e s ­
t ig a te d  th e  r e a c t io n  o f  DPCP w ith  d ic o b a l to c ta c a rb o n y l.
TYPE I V  ( M e t a l - R i n g  TT) BONDING
T his ty p e  o f  h a lf-sa n d w ic h  complex i s  p la u s ib le  by v i r t u e  o f  
th e  pseudoarom atic  c h a r a c te r s  o f  th e  DPCP r in g ,  and O r g e ^  proposed 
th e  fo rm atio n  o f N ick e l p i-cy c lo p ro p en o n e  complexes in  1959*
liX
A t h e o r e t i c a l  tre a tm e n t by Brown ^ h as  a ls o  dem onstra ted  t h a t  th e  
cyclopropenone m igh t be a b le  to  form a p i-com plex  w ith  an i ro n  
t r i c a r b o n y l  fragm ent s im i la r  to  th o se  formed by cy c lo p en tad ien o n e  
and c y c lo h e p ta tr ie n o n e . In  1964, B ird ^  re p o r te d  th a t  under s u i t ­
a b le  c o n d it io n s  DPCP re a c te d  w ith  n ic k e l te t r a c a rb o n y l  to  g iv e  
a  sm all amount o f  t r i s - ( h 3-d ip h e n y lc y c lo p ro p e n o n e )(c a rb o n y l)n ic k e l(0 ) . 
However, th e  s t r u c t u r a l  assignm ent o f  th e  p ro d u c t was su p p o rted  
o n ly  by e lem en ta l a n a ly s is  and in f r a r e d  s p e c t r a l  d a ta .  F u rth e rm o re , 
B lrd ^ S ias  r e c e n t ly  w ithdraw n t h i s  p roposed  t r ih a p to  complex a f t e r
f in d in g  th a t  an In c o r r e c t  d e te rm in a tio n  o f  com position  had been 
m ade.
TYPE V (M etal-C arbon  a) BONDING
The h ig h ly  s t r a in e d  c h a r a c te r  o f  th e  three-membered r in g  
f a c i l i t a t e s  th e  ru p tu re  o f  a  C-C s in g le  bond; th u s  in s e r t io n  re a c ­
t io n s  by b o th  o rg a n ic  and in o rg a n ic  m o le c u le s , which r e l i e v e  t h i s  
s t r a i n ,  a re  p o s s ib le .  A f te r  th e  r e p o r t  o f  th e  sy n th e s is  (B addley)
/ \2band s t r u c t u r a l  d e te rm in a tio n  (Wong and W atkins) o f the  p la t i n a -
27c y c lo b u ten o n e , V is se r  a ls o  re p o r te d  analogous re a c t io n s  betw een 
p la tin u m  (0 ) complexes and two d i f f e r e n t  s u b s t i tu te d  cyclopropenones 
( e , f ) ,  and in  bo th  c ase s  th e  p ro d u c ts  were presumed to  be s ta b le  
p la t in a c y c lo b u te n o n e s .
(e ) R1=H,R,o=CH3 
( f ) R j =Rp=CH3 
L=(PPh3 )
27The in f r a r e d  s p e c tr a  o f  th e s e  proposed  p la tin a c y c lo b u te n o n e  com plexes 
show two s tro n g  peaks in  th e  re g io n  1600 to  1700cm"1 which c o r r e s ­
pond to  th e  s t r e tc h in g  o f  O C and 0 0  groups (T ab le  I - 7 ) .  However, 
o n ly  one a b s o rp tio n  band i s  d e te c te d  in  th e  complex in  w hich Rx 
and R2 a r e  b o th  phenyl g ro u p s. T h is s in g u la r i t y  must be due to  
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R e c e n tly , B ird  and B riggs have proposed th e  e x is te n c e  o f
n ic k e lac y c lo b u ten o n e  (g ) a s  an o rg a n o m e ta llic  in te rm e d ia te  in
th e  r e a c t io n  o f  n ic k e l  te t r a c a rb o n y l  w ith  DPCP under anhydrous
c o n d it io n . A m ix tu re  o f  p ro d u c ts  was o b ta in e d  which in c lu d ed
d ip h e n y la c e ty le n e , te t r a c y c lo n e ,  b i s ( te t r a c y c lo n e ) n ic k e l ( o )  and
a d iam ag n etic  n ic k e l  com plex, th e  co m p o sitio n  o f  which i s  C45H3oNiC>3( i ) .
T reatm ent o f  t h i s  complex w ith  io d in e  in  p y r id in e  r e s u l t s  in  carbon
monoxide e v o lu tio n  and th e  fo rm atio n  o f a n ic k e l - f r e e  compound, fo r
which th e  s t r u c tu r e  (h ) h as  been deduced. Both compounds have
been an a ly zed  by i r ,  mass s p e c tro s c o p ic , and U.V. m ethods. Thus
th e  fo rm a tio n  o f  complex ( i )  can be en v is io n ed  to  r e s u l t  from the Insertion
o f  te t r a c y c lo n e  in to  th e  n ic k e l  carbon  bond o f  1 ,1 -d ic a rb o n y l-1-
n ic k e la - 2 ,3 “d ip h e n y lc y c lo b u t-2 -e n e -4 -o n e  m olecu le  (g )  w ith  the
lo s s  o f  one mole o f  carbon  monoxide.
In  o rd e r  to  accoun t f o r  the  f a c t  th a t  s t r u c tu r e s  w ith  TYPE I
Ph Ph
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bonding a re  n o t o b ta in e d  and th a t  Bircf; u s in g  p la tin u m  c h lo r id e s  
as s t a r t i n g  r e a g e n ts ,  may have o b ta in e d  com plexes w ith  TYPE I I I  
bonding , one must c o n s id e r  th e  s t a b i l i t y  o f  th e  r e s u l t i n g  com plexes. 
S ince  th e  c h lo r in e  l ig a n d s  a re  more e le c t ro n e g a t iv e  th a n  t r ip h e n y l ­
phosphine  l ig a n d s , th e  e le c t r o n  d e n s i ty  on p la tin u m  i s  low er in  
th e  c h lo r id e  complex. T hus, th e  p la tin u m  c h lo r id e  m oie ty  more 
r e a d i ly  a cc e p ts  e le c t r o n s  donated  by th e  oxygen atom o f  a DPCP 
m olecu le  to  form TYPE I I I  bond ing . In  th e  p la tin a c y c lo b u te n o n e  
m o lecu le , th e  s t a b i l i t y  o f  th e  P t-C  sigma bonds i s  g r e a te r  in  a 
four-membered r in g  system  th a n  th a t  in  a three-m em bered r in g  system  
due in  p a r t  to  re d u c tio n  o f  s t r a i n .  Energy r e le a s e d  in  bond forma­
t io n  o f  th e se  s ta b le  sigma m e ta l carbon  bonds i s  more th an  adequate  
com pensation fo r  b re a k in g  a bond o f  th e  DPCP r in g ,  to  produce 
th e  in s e r t io n  p ro d u c t. A lthough  th e r e  i s  no thermodynamic d a ta  
to  su p p o rt t h i s  argum ent, some ex p e rim en ta l r e s u l t s  by V is se r  ^  
le a d  in d i r e c t l y  to  th e  same c o n c lu s io n . R eac tio n  o f  m e th y lcy c lo - 
propenone w ith  b is ( t r ip h e n y lp h o s p h in e ) ( e th y le n e )p la tin u m  in  CDC13 
a t  -65° proceeded w ith  th e  exchange o f  e th y le n e  to  y ie ld  th e  TYPE I  
complex ( c ) .  In  s o lu t io n  a t  - 3O0 th e  p la tin u m  atom was in s e r te d  
i n to  a ca rb o n -carb o n  s in g le  bond to  y ie ld  th e  p la tin a c y c lo b u te n o n e .
I n  s o l i d  s t a t e ,  t h e  c o n v e r s i o n  o f  ( c )  t o  t h e  i n s e r t i o n  p r o d u c t  








I n s e r t io n  o f  m e ta ls  in to  C-C bonds o f  sm all r in g s  has a ls o  
been enco u n te red  in  the  cyclo p ro p an e  s y s te m s .^5 In  o rd e r  to  accoun t
fo r  th e  mechanism by which t h i s  f a s t  r e a c t io n  ta k e s  p la c e , i t  i s  
n e c e ssa ry  to  have d e ta i le d  k in e t i c  and thermodynamic d a ta .  Due 
to  th e  la c k  o f t h i s  type o f  in fo rm a tio n , th e  p o s s ib le  m e ch a n is tic  
schemes d e sc r ib e d  below a re  o n ly  t e n t a t i v e .  I t  i s  p o s s ib le  th a t  
th e  i n s e r t i o n  r e a c t io n  a ls o  ta k e s  p la c e  a f t e r  th e  fo rm atio n  o f  
a ty p e  I I  m e ta l - o le f in ic  bond, b u t B addley was unab le  to  i s o l a t e  
o r  even d e te c t  a s ta b le  in te rm e d ia te  o f  t h i s  ty p e .
A nother p o s s ib le  ro u te  i s  a  f r e e  r a d ic a l  pathw ay. The
r in g  s t r a i n  energy  o f  DPCP i s  ex p ec ted  to  be more th an  th a t  o f  c y c lo -
, , '+0
propene which i s  app ro x im ate ly  56 K cal/m o le . T his h ig h  v a lu e  
in d ic a te s  th a t  th e  system  can be e a s i ly  c leav ed  a t  th e  w eakest 
p o in t ,  nam ely, th e  C-C s in g le  bond. H a y e s ^  has p re d ic te d  th a t  
th e re  i s  a h ig h  p e rcen tag e  o f d i r a d ic a l  c h a r a c te r  in  th e  open form
o f  a cyclop ropane  r in g .  C loss has a ls o  sugg ested  th a t  iso m e riz a ­
t io n  o f  cyclopropene to  propyne p ro b ab ly  p roceeds th rough a d i r a d ic a l
k.6
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48i n t e r m e d i a t e .  B i r d  o b s e r v e d  t h a t  DPCP e x p o s e d  t o  u l t r a v i o l e t  l i g h t  
r e a d i l y  l o s t  c a r b o n  m o n o x i d e .  A l l  t h e s e  p h e n o m e n a  s e e m  t o  i n d i c a t e  
t h a t  t h e  i n s e r t i o n  r e a c t i o n  m i g h t  t a k e  i t s  c o u r s e  v i a  so m e  r a d i c a l  
m e c h a n i s m .  T h i s  m e c h a n i s m  i n v o l v e s  t h e  r i n g  o p e n i n g  o f  DPCP to  g iv e  ( 
t h e n  c y c l i z a t i o n  o f  t h i s  p r o p o s e d  r a d i c a l  t o  t h e  m e t a l  c o m p l e x  
f u r n i s h e s  t h e  p r o d u c t .
* ? - M
< j)
I t  i s  h o p e d  t h a t  t h e  d i s c o v e r y  o f  t h i s  n o v e l  s t r u c t u r e  w i l l  
s t i m u l a t e  m o r e  i n t e r e s t  i n  r e a c t i o n s  b e t w e e n  l o w - v a l e n t  m e t a l  
c o m p l e x e s  a n d  DPCP o r  o t h e r  s m a L l  r i n g  c o m p o u n d s .  A t h o r o u g h  
u n d e r s t a n d i n g  o f  t h i s  t y p e  o f  i n s e r t i o n  p h e n o m e n o n  w i l l  r e q u i r e  
k i n e t i c  a n d  t h e r m o d y n a m i c  i n v e s t i g a t i o n s  t o  e l u c i d a t e  d e t a i l e d  
m e c h a n i s m s .  As m o re  f a c t s  a n d  o b s e r v a t i o n s  a r e  c o l l e c t e d ,  t h e y  
m a y  e v e n t u a l l y  b e  g e n e r a l i z e d  t o  a l l  m e t a l - i n s e r t i o n  r e a c t i o n s ,  
t h u s  w i d e n i n g  t h e  s c o p e  o f  o r g a n o m e t a l l i c  c h e m i s t r y .
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CHAPTER TWO 





The s tu d y  o f b io lo g ic a l  m acrom olecules h as  e s c a la te d  in  th e
p a s t  tw enty  y e a r s .  T h is  a re a  o f  chem istry  has a t ta in e d  prom inent
s t a t u s  th ro u g h  th e  a p p l ic a t io n  o f  a d iv e r s i t y  o f  p ro b e s . The
s p in  la b e l  te ch n iq u e  i s  one o f  many h ig h ly  s e l e c t iv e  and s e n s i t iv e
1*9
pro b es  and was desig n ed  and developed by H. M. McConnell d u rin g  
th e  l a s t  te n  y e a r s .  Themathod in v o lv es  th e  in c o r p o r a t io n  o f  a s y n th e t ic  
o rg an ic  param agnetic  m o lecu le  ( th e  s p in  l a b e l )  i n to  a d iam ag n etic  
system . The r e s u l t i n g  m a g n e tic a lly  d i l u t e  system  g iv es  an e le c t ro n  
s p in  reso n an ce  ( e s r )  spectrum  which can p ro v id e  such in fo rm a tio n  50 
a s  th e  e x te n t  and ty p e  o f  m o lecu la r m o tio n , m o le c u la r  o r i e n ta t io n ,  
co n fo rm a tio n a l changes and b in d in g  s i t e  p o l a r i t y .
Spin la b e l in g  has now grown to  m a tu r i ty  a f t e r  o n ly  te n  y ears  
o f  developm ent. T h is r a p id  p ro g re ss  may be a t t r i b u t e d  to  th e
developm ent o f  a rem ark ab le  fam ily  o f  r a d ic a l s  — th e  n i t r o x id e
51r a d i c a l s ,  th e  c h em is try  o f  which has been w id e ly  in v e s t ig a te d .
Most o f  th e  n i t r o x id e s  a re  s ta b le  under b io p h ase  c o n d it io n s  and
se rv e  w e ll as s p in  l a b e l s  fo r  m acrom olecules because  o f  t h e i r  sim ple
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h y p e rf in e  i n t e r a c t i o n s .  Ullman, in  h is  s e a rc h  fo r  sm all m o le c u les , 
d isco v e re d  a new c la s s  o f  s ta b le  f r e e  r a d i c a l s ,  th e  n i t r o n y ln i t r o x id e s .  
S ince  th e s e  compounds can  undergo s u b s t i t u t io n  r e a c t io n s  a t  s i t e s  
o f  h ig h  s p in  d e n s i ty  w h ile  s t i l l  r e ta in in g  t h e i r  f r e e  r a d ic a l  
c h a r a c te r ,  a ttach m en t o f  such a r a d ic a l  to  a h o s t  m olecu le  a llow s 
th e  sp in  d e n s i ty  to  d e lo c a l iz e  in to  th e  h o s t .  The e s r  spectrum  
th u s  o b ta in ed  can y ie ld  in fo rm a tio n  about th e  im m ediate v i c i n i t y
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o f  t h e  b i n d i n g  s i t e .  M uch e f f o r t  h a s  t h u s  b e e n  e x p e n d e d  o n  b o t h  
p h y s i c a l  c h a r a c t e r i z a t i o n  a n d  b i o l o g i c a l  a p p l i c a t i o n  o f  t h e  n i t r o -  
n y l n i t r o x i d e s  b y  t h e  m a n y  i n v e s t i g a t o r s .  T h e  e a s e  w i t h  w h i c h  t h e s e  
n i t r o n y l n i t r o x i d e s  c a n  r e p l a c e  a n a l o g o u s  s u b s t i t u e n t s  i n  b i o l o g i c a l  
s y s t e m  i s  o b v i o u s  o n c e  t h e  s i m i l a r i t y  o f  t h e  n i t r o n y l n i t r o x i d e  
r i n g  ( a )  t o  t h e  i m i d a z o l e  r i n g  ( b )  i s  r e c o g n i z e d .  S p i n  l a b e l s  h a v e
b e e n  o b t a i n e d  b y  r e p l a c e m e n t  o f  t h e  i m i d a z o l e  r i n g  i n  h i s t i d i n e * ^  a n d
5ka l s o  t h a t  i n  a n g i o t e n s i n  I I '  f o r  t h e  s t u d y  o f  t h e  t e r t i a r y  s t r u c t u r e  
o f  t h i s  p o l y p e p t i d e .
H o w e v e r ,  b e f o r e  a n y  d e t a i l e d  a n a l y s i s  o f  s p i n  l a b e l e d  b i o ­
m o l e c u l e s  c a n  b e  s u c c e s s f u l ,  k n o w l e d g e  o f  t h e  a n i o s t r o p i e s  i n  t h e  
h y p e r f i n e  t e n s o r  A a n d  t h e  m a g n e t o g y r i c  t e n s o r  o f  t h e  f r e e  r a d i c a l  
i t s e l f  i s  r e q u i r e d .  D i l u t e  s i n g l e  c r y s t a l s  a r e  g e n e r a l l y  e m p l o y e d  
f o r  t h i s  k i n d  o f  i n v e s t i g a t i o n .  T h e s e  c r y s t a l s  c o n t a i n  a  v e r y  s m a l l  
n u m b e r  o f  p a r a m a g n e t i c  g u e s t s  m o l e c u l e s  ( f r e e  r a d i c a l s )  a n d  a  r e ­
l a t i v e l y  l a r g e  n u m b e r  o f  d i a m a g n e t i c  h o s t  m o l e c u l e s  w h i c h  a r e  
c o c r y s t a l l i z e d  f r o m  a  s u i t a b l e  s o l v e n t .  T h e  h o s t  m o l e c u l e  m u s t  
h a v e  a  k n o w n  c r y s t a l  s t r u c t u r e  a n d  m u s t  h a v e  s u c h  a  s t r u c t u r e  
t h a t  t h e  g u e s t  m o l e c u l e s  w i l l  g o  i n t o  t h e  h o s t  l a t t i c e  
w i t h o u t  d i s r u p t i o n  t h e  c r y s t a l  s t r u c t u r e .  I n  t h i s  e x t r e m e l y
(a) ( b )
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d i l u t e  p a r a m a g n e t i c  s i n g l e  c r y s t a l  t h e  k n o w n  o r i e n t a t i o n  o f  t h e  
r a d i c a l  a l l o w s  t h e  t e n s o r  c o m p o n e n t s  o f  A a n d  £  t o  b e  e s t a b l i s h e d .
A s a  c o n t i n u i n g  l o n g  t e r m  p r o j e c t  o f  e s r  s t u d i e s  o f  a l p h a
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s u b s t i t u t e d  n i t r o n y n i t r o x i d e  c o m p o u n d s ,  J .  H. W h a r t o n  a n d  h i s
c o w o r k e r s  a t t e m p t e d  t o  g r o w  a  d i l u t e  s i n g l e  c r y s t a l  o f  o r P h e n y l -
t e t r a m e t h y l n i t r o n y n i t r o x i d e  ( c )  i n  i t s  d i a m a g n e t i c  h o s t ,  N - P h e n y l -
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t e t r a m e t h y l s u c c i n i m i d e  ( d )  ( s y n t h e s i z e d  b y  G. R .  Newkome A l i g h t
P h
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p u r p l e  n e e d l e - l i k e  c r y s t a l l i n e  s o l i d  w a s  o b t a i n e d ,  b u t  p r e l i m i n a r y  
x - r a y  a n a l y s i s  s h o w e d  t h i s  " c r y s t a l "  t o  b e  p o l y c r y s t a l l i n e ,  i n -  
h o m o g e n e o u s  i n  c o l o r ,  h i g h l y  d i s o r d e r e d ,  a n d  t h u s  q u i t e  u n s u i t ­
a b l e  f o r  e s r  s p e c t r a l  w o r k .  T h i s  i m p o r t a n t  d i s c o v e r y  m a y  b e  q u i t e  
com m on a n d  m a y  a c c o u n t  f o r  t h e  l a r g e  n u m b e r  o f  u n s u c c e s s f u l  e s r  
s t u d i e s  w i t h  d i l u t e  s i n g l e  c r y s t a l s .  S i n c e  v e r y  f e w  c r y s t a l  
s t r u c t u r e s  o f  f r e e  r a d i c a l s  h a v e  b e e n  r e p o r t e d  i n  t h e  l i t e r a t u r e ,  
x - r a y  d i f f r a c t i o n  a n a l y s i s  o f  t h e  tw o  i n d i v i d u a l  c r y s t a l s  o f  ( c )  
a n d  ( d )  w a s  u n d e r t a k e n  i n  o r d e r  t o  a c c o u n t  f o r  t h e  f a i l u r e  o f  
t h e  c o c r y s t a l l i z a t i o n  p r o c e s s  o n  o n e  h a n d  a n d  t o  e x t e n d  t h e  s t r u c t u r a l  
k n o w l e d g e  o f  t h e  f r e e  r a d i c a l  n i t r o n y l n i t r o x i d e  f a m i l y  o n  t h e  o t h e r .
M o lecu la r o r b i t a l  c a lc u la t io n s  on o t-P h e n y lte tra m e th y ln itro -  
n y ln i t r o x id e  have been c a r r ie d  o u t based on th e  presumed geom etry 
and the postulated s t r u c tu r a l  p a ra m e te rs . S in ce  p re c is e  bond le n g th s ,  
bond a n g le s  and to r s io n a l  an g les  a re  n e c e ssa ry  fo r  t h i s  k ind  o f  
c a lc u l a t i o n ,  i t  was f e l t  th a t  by u s in g  th e  c o r r e c t  s t r u c tu r e  in  
an MO c a l c u l a t i o n ,  a b e t t e r  u n d e rs ta n d in g  o f  th e  e le c t r o n ic  p r o p e r t i e s  
o f  th e  f r e e  r a d ic a l  m igh t be o b ta in e d . S em iem pirica l s e l f - c o n s i s t e n t  
f i e l d  m ethods w ere employed to  c a lc u la te  th e  ground s t a t e s  o f  th e  
n i t r o n y ln i t r o x id e  and su cc in im id e , th e  INDO and CNDO/2 a p p ro x i­





The n eed le -sh ap ed  c r y s t a l s  o f  N -p h e n y lte tra m e th y lsu c c in im id e , 
Cx4Hl7 N02 , k in d ly  p ro v id e d  by J .  H. W harton, a re  c o lo r le s s  and 
have w e ll-fo rm ed  f a c e s .  A v e ry  la r g e  c r y s t a l  was chosen and s tu d ie d  
under th e  p o la r iz in g  m ic roscope  to  d e te c t  any tw in  o r  d is o r d e r  
p rob lem s. A la rg e  fragm ent showed I s o t r o p ic  e x t in c t io n  w ith  ap­
prox im ate  d im ensions 0 .5 2  x 0 .6 0  x 0 . 58mm and was c u t  w ith  g r e a t  c a u tio n  
under th e  b in o c u la r  m ic ro sco p e . W hite g lue w ith  w a ter a s  s o lv e n t  
was used as th e  a d h e s iv e  m a te r ia l  to  mount I t  to  th e  f i b e r  p a r a l l e l  
to  th e  n e e d le  a x i s .  Space group and p re lim in a ry  c e l l  d im ensions 
were e s ta b l is h e d  from  r o t a t i o n ,  z e ro  and f i r s t  le v e l  W eissenberg  
and zero  le v e l  p re c e s s io n  p h o to g ra p h s . A p la n e  o f  synm etry was 
re v e a le d  by th e  r o t a t i o n  p h o to g rap h , in d ic a t in g  a m o n o c lin ic  (orhlgfrer 
symmetry) c r y s t a l  sy stem  was in d ic a te d .  The sp in d le (n e e d le )  a x i s  was 
th u s  d e s ig n a te d  as  th e  b  a x i s .  W eissenberg  p ic tu r e s  re v e a le d  th a t  
m ir ro r  p la n e s  w ere a b s e n t ,  b u t th e r e  were a t  l e a s t  two obv ious 
ways to  s e l e c t  th e  a* and c* a x e s . I n  th e  i n i t i a l  ch o ice  th e  two 
ax es , a p p ro x im a te ly  90 d e g re e s  a p a r t ,  r e s u l te d  in  a B c e n te re d  
c e l l  i n  a n o n -s ta n d a rd  sp ace  g ro u p . T h is  in co n v en ien ce , to ­
g e th e r w ith  th e  f a c t  t h a t  th e  r e p e a t  d is ta n c e  a long  th e  a* a x is  
was ex trem ely  s m a ll ,  le d  to  a  r e d e f in i t i o n  o f  th e  u n i t  c e l l .
The c* a x is  was re c h o se n  to  be ap p ro x im a te ly  118° from a*£ and 
a new s e t  o f  ze ro  l e v e l  p re c e s s io n  ph o to g rap h s was o b ta in e d  f o r
th e  0k£ and hkO z o n es . S y s tem a tic  absences unam biguously i d e n t i f i e d
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th e  space  group a s  P2x/ c  (C f^ , No. li*-). A d e n s i ty  d e te rm in a tio n
was perform ed by means o f  th e  f l o a t a t i o n  method in  which aqueous 
s i l v e r  n i t r a t e  was th e  f lo a t a t i o n  medium.
Owing to  th e  u n a v a i l a b i l i ty  o f  th e  E n raf-N o n iu s  PAD3 d i f f r a c t o ­
m e te r  a t  LSUBR a t  th e  tim e t h i s  su cc in im id e  c r y s t a l  was under 
s tu d y , th e  i n t e n s i t y  d a ta  were c o l le c te d  a t  LSUNO w ith  th e  a s s i s ­
ta n ce  o f  D r. L . T re fo n as . The enormous s i z e  o f  th e  p re v io u s  c ry ­
s t a l  was u n s u i ta b le  fo r  d i f f r a c to m e te r  s tu d y , th u s  a second c r y s t a l  
w ith  approx im ate  d im ensions 0 .2 5  x 0 .2 7  x  0.l8mm was s e le c te d  
and a tta c h e d  to  a O.taam d iam e te r g la s s  f i b e r  a lo n g  th e  b - a x i s ;  a mix­
tu r e  o f  p o ly s ty re n e , and hexane was u sed  a s  th e  m ounting medium.
The o r i e n t a t i o n  and le a s t - s q u a re s  c e l l  d im ensions o f  th e  c r y s t a l  w ere 
o b ta in e d  by means o f  a G.E. XRD-5 d i f f r a c to m e te r .  The th r e e  r e f l e c ­
t io n s  w hich were used to  d e f in e  th e  o r i e n t a t i o n  w ere (3*3 * 2 ),
( 0 ,0 ,6 ) ,  and ( 1 3 ,0 ,0 ) .  Twenty o th e r  r e f l e c t i o n s  w ere w e ll c e n te re d  
in  o rd e r  to  o b ta in  le a s t - s q u a r e s  c e l l  d im en sio n s. The goniom eter 
head was th en  t r a n s f e r r e d  to  a  G.E. XRD-^90 f u l l y  au to m atic  h- 
c i r c l e  d i f f r a c to m e te r .  R ealignm ent was accom plished  by c a r e f u l ly  
c e n te r in g  tw enty  r e f l e c t i o n s .
I n t e n s i t y  d a ta  were c o l le c te d  by means o f  th e  s ta t io n a r y  
c r y s t a l - s t a t i o n a r y  c o u n te r  method i n  w hich b o th  th e  s c i n t i l l a t i o n  
c o u n te r  and th e  c r y s ta l  were f ix e d  a t  th e  p ro p e r  a n g u la r  p o s i t io n  
d u r in g  i n t e n s i t y  m easurem ent. The a n g le  s e t t i n g s  were c o n tro l le d  
by a PDP-8 com puter coupled to  o p t i c a l  e n c o d e rs . CuKa r a d ia t io n  
( « i  "  1 .544  A, a s  *  1 .5^0  A) was u sed  w ith  Ni and Go Ross f i l t e r s .  
C ounting  tim es  o f  te n  seconds p e r f i l t e r  w ere u sed . Due to  th e  
e x t r a o r d in a r i l y  broad peaks a s  a fu n c t io n  o f  29 (some o f  th e  s tro n g
r e f l e c t i o n s  had f u l l  w id th s a t  th e  b a s e l in e  o f  c a . 1 .3°*  which 
in d ic a te d  th e  p o s s i b i l i t y  o f  p a r t i a l  c o in c id e n c e s ) ,  a v e ry  narrow  
re c e iv in g  s l i t  o f  0.02mm was u sed . Three s ta n d a rd  r e f l e c t i o n s  
w ere in s e r te d  p e r io d ic a l ly  (ev e ry  97 r e f l e c t i o n s )  to  check th e  
c o n d itio n  o f  th e  c r y s t a l .  C onstan t re a lig n m e n t was n e c e ssa ry  
due to  th e  f a c t  t h a t  th e  p in  was a tta c h e d  to  th e  goniom eter head 
by means o f  c la y .  R e f le c t io n  in fo rm a tio n  was punched on p ap er 
ta p e  in  ASCII code a t  LSUNO and t r a n s la t e d  in to  EBCDIC code w ith  
th e  a id  o f  th e  Nova Computer housed in  th e  LSUBR Geology D epartm ent.
The i n t e n s i t i e s  o f  3196 r e f l e c t i o n s ,  in c lu d in g  red undan t 
r e f l e c t i o n s  in  th e  m ir ro r  p lan e  and s y s te m a tic a l ly  a b se n t OkQ 
and hOjfc r e f l e c t i o n s ,  were measured o v er o n e -fo u r th  o f  th e  r e f l e c ­
t io n  sp h ere  w ith  h v a lu e s  ex ten d in g  from 0 to  19 , k from 0 to  6 , 
and I  from -19  to  1 6 .
S ev e ra l ty p e s  o f  c o r r e c t io n s  must be a p p lie d  to  th e  raw d a ta  s e t  
p r i o r  to  th e  s o lu t io n  o f  th e  s t r u c tu r e .  These c o r r e c t io n s  in c lu d e  
th o se  fo r  background (B ) , L o ren tz  and p o la r i z a t io n  (L p ), Ci\-C(2 
s p l i t t i n g  (ALP) and decay (DEC).
A r e f l e c t i o n  i s  co n sid e red  to  be "o b se rv ed ” i f  
[ I x - 20( 1 1 ) ]  - [ I 2 + 2 o ( l2 ) ] >  B
where
o d i )  -
a d s )  -  d s ) 1 /2
I x i s  th e  i n t e n s i t y  m easured from th e  Ross Ni f i l t e r  and I 2 i s  
th e  c o rre sp o n d in g  v a lu e  m easured from th e  Ross Co f i l t e r .  B i s  
th e  minimum number o f  coun ts  determ ined  as a fu n c tio n  o f  tw o - th e ta
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from  th e  i n t e n s i t y  o f th e  s y s te m a tic a l ly  absen t r e f l e c t i o n s .
I n  o rd e r  to  de te rm in e  B, th e  i n t e n s i t i e s  o f  th e  e x t in c t  r e f l e c ­
t io n s  were p lo t te d  a g a in s t  th e  tw o -th e ta  v a lu e s . T h is cu rv e  was 
th en  approxim ated by th re e  s t r a i g h t  l in e s  w ith  e q u a tio n s  shown below . 
Curve 1 29 2: I1-3 .O0 B = 100 co u n ts
Curve 2 ^ 3 .0 °  >  20 >  1 2 .0 °  B = - ( 1 1 .6 5 ) x 20 +  600 .0  co u n ts
Curve 5 20 s: 1 2 .0 °  B = - ( I I 3 . 5 ) x 20 +  I 76O.O co u n ts
The r e f l e c t i o n s  used  to  p lo t  B v s .  20 were hOji, A odd, and OkO, 
k odd.
The 0tj,-c<2 s p l i t t i n g  c o r r e c t io n  has been e m p ir ic a l ly  d e r iv e d  
by T refo n as  and h i s  cow orkers and i s  a fu n c tio n  o f  20:
20  60°  70°  80°  90°  100°  110°  120° 1300 ik o °
ka lp  1 ,00  1 ,10  1 ,19  1 ,28  1 ,57  1,116 1 ,5 0  1 ,5 0  1 ,50
The c o n s ta n t d im in u tio n  o f  th e  i n t e n s i t y  d em onstra ted  by the  
th r e e  s tan d a rd  r e f l e c t i o n s  in d ic a te d  c r y s ta l  decay . The s im p le s t  
way to  c o r r e c t  f o r  t h i s  decay fo llo w s : p lo t  th e  i n t e n s i t y  o f  th e s e  
s ta n d a rd s  a g a in s t  th e  r e f l e c t i o n  number, and th en  e s t im a te  th e  m ost 
a p p ro p r ia te  s e p a ra t io n  o f  th e s e  d a ta  in to  te n  s u b s e ts ,  each  group o f  
which has a d i f f e r e n t  s c a le  f a c to r .  T able I I - l  l i s t s  th e  s c a le  f a c to r s  
as w e ll a s  th e  number o f r e f l e c t i o n s  in  each o f  th e  te n  d a ta  s e t s .
The sq u are  o f  th e  observed  s t r u c tu r e  f a c to r  o f  a r e f l e c t i o n  
i s  r e l a t e d  to  i t s  m easured i n t e n s i t y  ( n e t )  by th e  p ro d u c t o f  a l l  
c o r r e c t io n  f a c t o r s :
F2 = Ss c a le  x ^ p  x ^ E C  x KALP x I “ KL
where
I  -  I x - I a  -  B
TABLE I I - 1 




N um ber  o f  R e f l e c t i o n s  S c a l e  F a c t o r
1 500 1 .0 0
2 500 1.01
3 346 1 .0 3
4 33^ 1 .0 5
5 291 1 .0 6
6 399 1 .0 8
7 199 1 .1 0
8 298 1.11
9 23? 1 . 14
10 ?97 1.15
The s ta n d a rd  d e v ia t io n s  o f b o th  th e  n e t  i n t e n s i t y  I  and th e  s t r u c ­
tu r e  f a c to r  F have th e  fo llo w in g  e x p re s s io n s :
Oj = ( I x + I 2 + B)1 /2
1 /p
op -  0 .5 [K (IX + I 2 + B ) / ( I X -  I 2 -B ) T
The w eighted averag es  o f  a l l  red u n d an t r e f l e c t i o n s  
produced 2975 independent r e f l e c t i o n s  fo r  f u r th e r  tre a tm e n t.
59D ata r e d u c tio n  was accom plished by u s in g  ECALC, a com puter p ro ­
gram w hich red u ces  th e  raw i n t e n s i t y  d a ta  to  s t r u c tu r e  f a c to r s  
and norm alized  s t r u c tu r e  f a c to r s  E ( s e e  below) by ta k in g  a l l  o f  
th e  above c o r r e c t io n s  f a c to r s  in to  c o n s id e r a t io n .  The number o f 
observed  r e f l e c t i o n s  ( th o se  fo r  which X >  2 a ( l ) )  was 1900 .
CRYSTAL DATA
E m p irica l Form ula : Cl4 H17N02
M o lecu la r W eight : 231.52
C ry s ta l System : M onoclinic
Space Group : P2t /c
C e ll D im ensions a : 22 .^97 (2) A
b : 6 .503  (1 ) A
c : 20.k09  (5 ) A
(3 : 117.662 (8) A
V : 2563 .3  (1) A3
: 1.20 g/cm3
De f lo a ta t io n  in  aqueous s i l v e r  n i t r a t e )  : 1 .1 9  g/cm3
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SOLUTION AND REFINEMENT OF STRUCTURE
S ince  th e  su cc in im id e  c r y s ta l  c o n s is ts  o n ly  o f  th e  l i g h t  atoms 
C ,N ,0, and H, a  heavy atom (P a t te r s o n )  approach  i s  n o t a p p l ic a b le .  
In te ra to m ic  v e c to r s  c o rre sp o n d in g  to  heavy atoms a re  e v id en t 
in  a P a t te r s o n  map, w h ile  such a map f o r  an o rg a n ic  compound (con­
ta in in g  atom s w ith  atom ic numbers l e s s  th a n  n in e )  would no t g ive  
d i s t i n c t i v e  in te ra to m ic  v e c to r s  from  which u s e fu l  phase inform a­
t io n  can be o b ta in e d . T h e re fo re , a  d i r e c t  phase  d e te rm in a tio n  
had to  be u se d . T h is  te c h n iq u e , w hich employs s t a t i s t i c a l  c o n s id e ra ­
t i o n s ,  was developed  p r in c ip a l ly  by Hauptman and K arle  in  th e  e a r ly  
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1 9 5 0 's . I n  t h i s  method one a tte m p ts  to  d e r iv e  th e  phases o f  
th e  s t r u c tu r e  f a c to r s  w ith o u t p re v io u s ly  hav in g  p o s tu la te d  any 
atom ic p o s i t i o n .
The 1900 observed  s t r u c tu r e  am p litu d es  were converted
in to  no rm alized  s t r u c tu r e  m agnitudes E ^  4 a cc o rd in g  to  th e  eq u a tio n
h k *  “ _N - 2  „ - 2B(sin2e ) A 2 
*^ki h  i  C
where
® hki i s  ° ^ s e rv e ^ s t r u c tu r e  f a c to r ,
i s  th e  r e f l e c t i o n  moment, which i s  an i n t e g r a l  f a c to r
w hich v a lu e  depends upon th e  c l a s s  o f  r e f l e c t i o n s  and 
th e  symmetry e lem en ts  o f  th e  u n i t  c e l l ,
B i s  th e  o v e r a l l  tem p e ra tu re  f a c t o r ,
f^  i s  th e  a tom ic s c a t t e r in g  f a c to r  o f  atom i ,
N i s  th e  t o t a l  number o f  atoms in  th e  u n i t  c e l l .
For th e  cen tro sy m m etric  space  group P 2 j,/c , th e  phase o f  each 
r e f l e c t i o n  i s  e i t h e r  0 o r  TT, and co rre sp o n d s  to  a s ig n  o f  e i t h e r  
+ (ex p (iO )) o r  -(e x p (iT t))  fo r  th e  s t r u c tu r e  f a c to r .  The s ig n  d e t e r ­
m in a tio n  i s  p ro v id ed  by th e  fo llo w in g  two r e la t io n s h ip s .
s (E. ) = s (E  E E ) (S a y r e 's  R e la tio n )  
n h ' h '  h - h '
P (E ) = 1 /2  + 1 /2  tan h  ,  o f  .
+ h Sf EhEh 'Eh- h ' j
where s( ) means ' t h e  s ig n  o f '
i s  th e  norm alized  s t r u c tu r e  f a c to r  r e f l e c t i o n  (hkX)
E^, i s  th e  n o rm alized  s t r u c tu r e  f a c to r s  o f  r e f l e c t i o n  (h 'k 'jfc ')
H
a  = S Z. where N i s  th e  t o t a l  number o f  atoms in  th e  u n i t  c e l l
j= l  J tilZj i s  th e  atom ic number o f th e  j  atom
P+ (E^) i s  th e  p r o b a b i l i ty  th e  s ig n  de term ined  a s  p o s i t i v e .
MULTAN,^ a com puter program  fo r  th e  sy s te m a tic  a p p l ic a t io n  
o f th e  above r e l a t i o n s h ip s ,  was u sed . A to ta l  o f  28U r e f l e c t i o n s  
w ith  E 's  g r e a te r  th an  1 .7  w ere u sed . Three l i n e a r ly  independen t 
r e f l e c t i o n s  w ith  a r b i t r a r i l y  a ss ig n e d  phases  a re  n e c e ssa ry  to  d e f in e  
an o r ig in ,  w ith  r e s p e c t  to  which th e  phases o f  o th e r  r e f l e c t i o n s  
a re  d e r iv e d . Such r e f l e c t i o n s  must have h igh  E v a lu e s  and m ust form 
a la rg e  number o f  i n t e r a c t io n s  a cc o rd in g  to  S a y re 's  e q u a tio n .
I n  a d d it io n  to  th e  o r ig i n - f ix in g  r e f l e c t i o n s ,  two o th e r  r e f l e c t i o n s ,  
th e  s t a r t i n g  r e f l e c t i o n s ,  a re  in tr o d u c e d ; th e  s ig n s  a re  perm uted in  o rd e r 
to  o b ta in  m u l t ip le  s t a r t i n g  p o in t s .  The o r ig in - f ix in g  r e f l e c t i o n s  
a re  11 1 1 0 (0 ) , 13 0 0 ( 0 ) ,  and 10 If 3(°)> and two s t a r t i n g  
r e f l e c t io n s  a re  18 2 7 and 1 2  7-
A p e rm u ta tio n  o f  th e  s ig n s  o f th e  two r e f l e c t i o n s  gave r i s e  
to  fo u r  s e t s  o f  28k d i f f e r e n t  phase v a lu e  a ss ig n m e n ts . The a b so lu te  
f ig u r e s  o f  m e r i t  (FGM, a m easure o f th e  i n t e r n a l  c o n s is te n c y  o f 
th e  s e t  o f  p h a se s )  ranged from O.6 7  to  1 .2 1 . A F o u r ie r  s y n th e s is  
(E map) was computed by use  o f  th e  s e t  o f  phased  E 's  t h a t  have th e  
h ig h e s t  FOM. A th r e e  d im ensional m o lecu la r model based on th e  
l a r g e s t  peaks in  th e  map, rev ea led  th e  s t r u c tu r e  o f  th e  two 
independen t m o lecu les  which c o n s t i tu te d  th e  c r y s ta l l o g r a p h ic a l ly  
indep en d en t u n i t .  A ll non-hydrogen atoms w ere lo c a te d ,  and th e  
bond le n g th s  and a n g le s  were ch em ica lly  re a so n a b le  a f t e r  f iv e  c y c le s
13o f  D1AGLES le a s t - s q u a r e s  in  which u n i t  w e ig h ts  and i s o t r o p ic  
te m p e ra tu re  f a c to r s  were a ss ig n e d . A r e s id u a l  R o f  O .I58 was ob­
ta in e d  a t  t h i s  s ta g e .  F u r th e r  re fin em en t was c a r r ie d  o u t by t r e a t ­
in g  th e  phenyl r in g  and th e  fou r methyl g ro u p s , in c lu d in g  hydrogens, 
a s  r i g i d  b o d ie s . The methyl groups were c o n s id e re d  to  be re g u la r  
t e t r a h e d r a  w ith  C -H  d is ta n c e s  o f 1 .0  A and H -C -H  a n g le s  o f  IO9 J+0 .
The a n g le s  and p o s i t io n a l  param eters o f  e ig h t  m ethy l groups and
15two phenyl r in g s  o b ta in e d  from RBANG were in p u t  to  ORFLSD.
S e v e ra l c y c le s  y ie ld e d  an R v a lu e  o f 0 .1 2 . When a w eigh t w = 1/op  
was a ss ig n e d  to  each s t r u c tu r e  f a c to r ,  th e  Rw reduced  g ra d u a lly  
to  f i n a l  v a lu e  o f  0 .055 and R was 0 .1 0 3 . The e r r o r  o f  fit(E O F ) 
was c a lc u la te d  to  be 6 .3 2 0  w ith  th e  p a ram e te rs  nQ and n^ equal 
to  1900 and 137* r e s p e c t iv e ly .  At t h i s  s ta g e ,  s in c e  none o f  th e  in ­
d iv id u a l  p a ra m ete rs  changed by more th an  h a l f  o f  an e s tim a te d  s ta n ­
d a rd  d e v ia t io n ,  th e  re fin em en t p rocedure  was c o n s id e re d  to  be com plete . 
No a b so rp tio n  c o r r e c t io n  was perform ed. The l i n e a r  a b so rp tio n  
c o e f f i c i e n t  i s  6 . 50cm” 1.
I n  o rd e r  to  o b ta in  d e ta i le d  in fo rm a tio n  about th e  co n fo rm atio n
o f  th e  two independen t m o lecu les s e v e ra l  k inds o f  c a lc u la t io n s
20have been c a r r ie d  o u t .  PLANET was u sed  to  f in d  th e  e q u a tio n s
o f  th e  v a r io u s  le a s t- s q u a re d  p la n es  d e fin e d  by s e le c te d  atom s.
61TORSION c a lc u la te s  th e  to r s io n a l  a n g le  fo r  a l l  groups o f fo u r 
bonded atoms in  th e  m o lecu le . DIHEDRAL (Appendix) has been w r i t t e n  
to  c a lc u la te  th e  d ih e d ra l  an g le  betw een a  f ix e d  and a r o ta te d  p la n e .
T ab le  I I - 2  l i s t s  th e  f i n a l  atom ic c o o rd in a te s  and tem p e ra tu re  
f a c to r s  fo r  a l l  atom s. Table I I - 3  shows th e  f in a l  E u le r  a n g le s  
f o r  th e  r i g i d  g ro u p s. The r e s u l t s  o f  th e  c a lc u la t io n s  o b ta in e d  
from PLANET 20 and TORSION 61 a re  p re se n te d  in  Table I I -U  and I I - 5 .
T ab le  I I - 6  l i s t s  th e  bond le n g th s  and bond a n g le s . Table I I - 7  con­
t a in s  th e  s t r u c tu r e  f a c to r s .  F ig u re  I I - 1 i s  a schem atic  r e p r e s e n ta ­
t i o n  o f  th e  two m olecu les  and shows th e  num bering scheme o f  th e  a tom s.
FIGURE I I - 1 
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TABLE I I - 2 
FRACTIONAL CELL COORDINATES AND 






F r a c t io n a l  C e ll  C oord ina tesAtom
X (10 4 ct) Y (1 0 4  a ) Z (104  a )
c  a,
N1 0 . 0710 ( 2 ) -0 .0 4 0 1 (8 ) 0 .1 4 8 8 (3 ) 2 .9 (1 )
01 0 . 0202 ( 2 ) 0 . 2058 ( 7 ) 0 .0552(2 ) *1. 2 ( 1 )
02 0 . 1496( 2 ) - 0 . 2306 ( 8 ) 0 .2464(2 ) 5 .1 ( D
C7 0 . 0701 ( 3 ) 0 .1141(10 ) 0 .0982(4 ) 3 . 2 ( 2 )
C8 0 . 1410( 3 ) 0 . 1283( 1 0 ) 0 . 1070( 3 ) 3 . 2 ( 2 )
C9 0 . 1851( 3 ) 0 .0 4 6 1 (1 1 ) 0 .1877(3 ) 3 .M 2 )
CIO 0 .1 3 5 7 (4 ) - 0 . 0950 ( 12 ) 0 .1 9 9 3 (4 ) *1. 1 ( 2 )
Phenyl A - 0 . 0445 ( 1 ) -0 .2 1 2 5 (5 ) 0 . 1470( 1 ) - 0 .3
Cl - 0 .0235 - 0 .0 0 9 2 0.1751 3 -7 (2 )
C2 - 0 .0809 - 0 .0 9 5 6 0 .1742 4 .3 (2 )
C3 - 0 .1 0 1 9 - 0 .2 9 8 9 0.1460 4 .5 (2 )
Ch- - 0 .0655 - 0 .4 1 5 7 0 .1 1 8 8 4 .6 (2 )
C5 - 0.0081 - 0 .3 2 9 3 0 .1198 3 .8 (2 )
c6 0 .0 1 2 9 -0 .1261 0 .1 4 7 9 3 .5 (2 )
HI -o .o o 8 4 0 .1 3 6 6 0.1953 6 .0
H2 - 0 .1 0 7 0 -0 .0 1 1 8 0.1937 6 .0
H3 - 0 .1 4 3 2 -O .36O8 0 .1 4 5 3 6 .0
h4 -O.O8O6 - 0 .5 6 1 5 0 .0 9 8 6 6 .0
H5 0.0180 -0 .4131 0.1002 6 .0
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M ethyl A 0 . 11*30 ( 3 ) - 0 . 021*1 ( 11 ) 0 . 01*9 0 ( 1*) - 0 .2
C l l 0.11*30 - 0 . 021*1 0.01*90 5 -1 (2 )
h6 0 .1 8 9 2 -0 .0 1 6 9 0 .0523 6 .0
H7 0 .1091 0.0392 0 .0 0 0 3 6 .0
H8 0 .1311 -0 .1 7 7 3 0 .0 5 2 0 6 .0
M ethyl B 0.1572(1*) 0 .3578(11 ) 0 . 0935 ( 1*) - 0 .5
C12 O.1572 0.3578 0 .0935 5 .8 (2 )
H9 0 . 151*1* 0.1*71*6 0 .1 2 5 9 6 .0
H1G 0 .2 0 2 8 O .36I I 0 .0 9 5 3 6 .0
H ll 0 .1210 0.3799 0 . 01*09 6 .0
M ethyl C 0.21*82(3) -0 .0 7 9 1 (H ) 0 . 2016 ( 1*) -0 .9
C13 0 . 21*82 - 0.0791 0 .2 0 1 6 5 .7 (2 )
HI 2 0.21*17 -0 .2 0 5 7 0.1685 6 .0
H13 0 .277^ 0.0299 0.191*1 6 .0
Hll* 0 .2706 - 0 .1 2 6 6 0.2550 6 .0
M e t h y l  D 0.201*1(3) 0.2283(12) 0 . 21*51( 1*) -0 .2
Cll* 0.201*1 0.2283 0.21*51 5 . 5( 2 )
H15 0.1678 0.3299 0.21*11 6.0
H l6 0.21*25 0.5103 0 . 21*1*7 6.0
H17 0.2210 0.ll*6l 0.2929 6.0
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Molecule 2.
Atom F r a c t io n a l  C e ll C o o rd in a te s B (10 a )
X (1 0 4 a) Y (104 0 ) Z (104 a)
N2 0 .3799(2 ) -0 .0 8 3 2 (8 ) 0 .0 9 1 9 (3 ) 2 .9 (1 )
03 0 .3052(2 ) -0.331+9(7) 0 .0 9 3 2 (2 ) 4 .5 (1 )
04 0 . 4456( 2 ) 0 . 1230( 8 ) 0 .0 5 8 6 (2 ) 4 .9 (1 )
C21 0 .3301(3 ) -0.21+11(11) 0 .0 6 0 7 (3 ) 3 -5 (2 )
C22 0 .3148(3 ) -0 .2 6 1 2 (1 1 ) -0 .0 2 0 0 (4 ) 3 -5 (2 )
C23 0 .3768(3 ) -0 .1 6 8 3 (H ) -0 .0 2 1 6 (4 ) 3 .5 (2 )
0211- 0 .4052(3 ) -0 .0 1 7 5 (1 2 ) 0 . 0453 ( 4 ) 3 .8 (2 )
Phenyl B 0.1+139(1) 0 .0 8 7 5 (5 ) 0 . 2327 ( 1 ) -0 .1
C15 0.4340 - 0 .1 1 7 7 0 .2 2 6 8 3 .M 2 )
c i 6 O.I+I+91 - 0 .0 3 4 6 0 .2961 4 .1 (2 )
C17 0.1+290 0 .1 7 0 6 0 .3 0 2 0 4 . 2 ( 2 )
C18 0.3938 0 .2 9 2 8 0 .2385 4 . 2 ( 2 )
C19 0.3787 0 .2 0 9 7 0 .1 6 9 2 3 . 5 ( 2 )
C20 0 .3 9 8 8 0 .0044 0 .1 6 3 4 2 . 8 ( 2 )
HI 5 0 .4484 -0 .2 6 4 9 0 .2225 6 .0
H16 0 . 471+3 -0 .1 2 2 2 0 .3415 6 .0
H17 0 . 1+398 0 .2 3 0 3 0 .3517 6 .0
H18 0 . 3791+ o . 44oo 0 .2428 6 .0
H19 0 . 3531+ 0 .2 9 7 3 0 .1 2 3 8 6 .0
M ethyl E 0 .2 9 9 0 (4 ) -0 .4 948(11 ) -0 .0 4 5 2 (4 ) 0 .2
C25 0 .2 9 9 0 -0 .4948 -0 .0 4 5 2 5 .2 (2 )
H23 0 .2881 - 0 .4998 -O .0991 6 .0
H24 0 .3354 - 0.6015 - 0 .0 1 6 6 6 .0
H25 0 .2 5 7 6 - 0 .5 3 0 4 -0 .0 4 0 0 6 .0
M ethyl F 0 . 2510( 3 ) - 0 . 1266( 12 ) -0 .0 6 3 2 (4 ) 0 .2
C26 0 .2 5 1 0 - 0 .1266 - 0 .0 6 3 2 5 .6 (2 )
H26 0 .2 5 4 9 0 .0316 - 0 .0541 6 .0
H2T 0 .2161 - 0 .1863 - 0 .0 5 0 3 6 .0
H28 0 .2371 - 0.1560 - 0.1171 6 .0
M ethyl G 0 . 4324( 3 ) - 0 . 3343( 11 ) -0 .0 0 4 8 (4 ) 0 .0
C27 0 .4 3 2 4 -0 .3343 -0 .0 0 4 8 4 .9 (2 )
H29 0.4171 -0 .4286 - 0 .0 4 9 8 6 .0
H30 0.4420 -0 .4243 0.0400 6 .0
H31 0.4746 - 0 .2562 0 .0 0 3 6 6 .0
M ethyl H 0 .3 6 5 9 (4 ) -0 .0468(12 ) -0 .0 9 1 4 (4 ) - 0 .7
C28 0.3659 -0 .0468 - 0 .0 9 1 4 5 -9 (2 )
H32 0 .3396 -0 .1504 - 0 .1 3 2 6 6 .0
H33 0.3381 0.0846 -0 .0 9 7 4 6 .0
H34 0 .4085 - 0 .0060 -0 .0 9 3 3 6 .0
TABLE I I - 3 
EULERIAN ANGLES (DEGREES) OF THE TEN 
RIGID GROUPS FOR N-PHENYLTETRAMETHYLSUCCINIMIDE
79
Molecule 1.
Group 6 (1 0  a ) 0 (1 0  o) p (10  a )
Phenyl A 23- 3 ( 2) 2 4 .5 (1 ) 179 .2 (1 )
M ethyl A -1 7 9 .8 (1 0 3 4 .4 (2 ) -1 7 5 .8 (3 )
M ethyl B -9 5 .1 ( 4 ) 3 6 .5 (3 ) -1 3 3 .9 (4 )
M ethyl C - 2 0 0 . 7 ( 5 ) -1 6 .2 (5 ) -9 5 -9 (4 )
M ethyl D -9 4 .3 (3 ) 2 .3 (3 ) -5 8 .9 (3 )
M olecule 2.
Group ( 1 0  a ) 0 (1 0  a ) p (10  a )
Phenyl B -1 6 1 .3 (1 ) 2 5 -2( 2 ) -8 4 .6 (1 )
M ethyl E 9 8 .8 (4 ) 4 0 .3 (2 ) -1 3 7 .8 (4 )
M ethyl F 9 .4 (4 ) 4 3 .5 (3 ) -1 6 1 .4 (4 )
M ethyl G -2 1 5 .9 (5 ) -3 5 .7 (3 ) -9 9 .4 (4 )
M ethyl H -1 9 3 .9 (3 ) - 2 2 . 6( 3 ) 1 7 7 .8 (3 )
TABLE II- k
RESULT FROM PLANET FOR N- PHENYLTETRAMETHYLSUCCINIMIDE
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E ouations o f  P la n e s  
(E x p ressed  in  F r a c t io n a l  C o o rd in a te s  o f  th e  U nit C e ll)
P la n e  1: 6.*f08x - k.k2Qy - i k . j k j z  + I .539  = 0
D efin in g  Atoms: N1, C7, CIO, 0 1 , 02
P la n e  2 : - 3 . 386x + 2.U l3y - l)+.899z + 2 .5 5 2  = 0
D efin ing  Atoms: C l, C2, C3, Ckt C5, C6
P la n e  3 : 7 A 32X - 5.1f81fy -  9 -6^7z + 0 .6 8 8  = 0
D efin ing  Atoms: N1, C8 , C9
P lan e  If: -0.011f5x + U.5U62y + l.M f20 + 5 .7 8 6  = 0
D efin in g  Atoms: N2, C21, C22, 0 3 , O^ f
P la n e  5 : -20 .927x  - 2.256y + 7 .266z + 7 .1 6 9  = 0
D efin in g  Atoms: C l5, C l6 , C17, Cl8 , C19, C20
P lan e  6 : -8 .069x  + 5.320y - 3 . 7 69Z + 3 . 85U = 0
D efin in g  Atoms: N2, C22, C23
D is tan c e s  o f  Atoms from P lan es  (K)
M olecule  1.
N1 01 02  C7 c8 09 c io
P lan e  1 0.3393 -0.1716
P lan e  2 -0.002^
P la n e  3 -0.8230 0.6873 -0.36^2 0.29^7
M olecule  2 .
N2 03 Ok C21 C22 C23 C2k
P lan e  k 0 .0 1 3 2  -0.1*61*2
P lan e  5 0 .07^0
P la n e  6 -0 .7 ^ 1 2  0 .692k  -0 .3 2 0 7  0 .3 2 1 0
D ih ed ra l A ngles (D egrees)
I J A ngles
1 2 7 5 .6
2 3 9 2 .8
1 3 19 .3
k 5 6 8 .8
k 6 1 9 .6
5 6 8 6 .3
‘v
TABLE I I - 5
TORSIONAL ANGLE PHI (A) FOR N-PHENYLTETRAMETHYLSUCCINIMIDE
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86
M olecule 1. M olecu le  2 .
A \ B C D pm A B C D p m
Nl CIO C9 C8 - 1 9 .8 N2 C21 C22 C23 2 0 .9
Nl C7 C8 C9 -2 4 .0 N2 C24 C23 C22 2 1 .1
01 C7 Nl CIO -1 7 0 .3 04 C2k N2 C21 176 .1
01 C7 Nl c6 9-4 04 C2k N2 C20 - 0 .9
01 C7 C8 C ll - 8 3 .6 o4 C2k C23 C27 7 7 .8
01 C7 C8 C12 36.5 o4 C24 C23 C28 - 38 .1
02 CIO Nl C7 - 176.8 03 C21 N2 C24 1 7 3 .2
02 CIO Nl c6 3-5 03 C21 N2 C20 - 9 .7
02 CIO C9 C13 37.9 03 C21 C22 C25 - 3 6 .2
02 CIO C9 Cl4 -8 0 .9 03 C21 C22 C2 6 8 0 .7
C7 Nl c6 C5 103.5 C2k N2 C20 C19 - 1 0 6 .6
C7 C8 C9 CIO 2 5 .6 C2k C23 C22 C21 -2 4 .9
C9 CIO Nl C6 - 17M C22 C21 N2 C15 169.0
C ll c8 c9 C13 3 2 .6 C27 C23 C22 C25 -3 2 .4
C ll C8 C9 Cll+ 159-4 C27 C23 C22 C26 - 158 .9
Cl 2 C8 C9 C13 -9 4 .0 C28 C23 C22 C25 94 .1
C12 C8 C9 c i 4 3 2 .8 C28 C23 C22 C26 -3 2 .4
TABLE I I - 6




M olecule 1 . M olecu le  2 ^W eighted av erag e  D 
103 aBonded Atoms D (1 0 3  a ) Bonded Atoms D (1 0 3 a )
Nl -  C6 1.1*07(6) N2 -  C20 1 .4 2 8 (5 ) 1 .4 1 9 (4 )
Nl -  C7 1 .4 1 1 (9 ) N2 -  C24 1 .3 7 9 (H ) 1 .3 9 8 (7 ) >1
> 1 .3 9 7 (4 )
Nl -  CIO 1 . 381( 8 ) N2 -  C21 1 .4 1 0 (8 ) 1 .3 9 5 (6 ) J
C7 ~ C8 1 .523 (11 ) C23- C24 1 . 538 ( 1 0 ) 1 .5 3 1 (7 ) )
V 1 . 528( 5 )
C9 -  CIO 1 .525 (12 ) C21- C22 1 .5 2 3 (H ) 1 .5 2 4 (8 ) J
c8 -  C9 1 .5 6 5 (8 ) C22- C23 1 .5 2 7 (H ) 1 .5 5 2 (6 )
c8 -  c l l 1 .5 4 1 (3 ) C23” C27 1 .5 4 2 (7 ) 1 .5 4 2 (5 ) '
c8 - C12 1 .5 4 7 (7 ) C23- C28 1 .5 3 3 (7 ) 1 .5 4 0 (5 ) , 1 .5 4 2 (2 )
C9 -  C13 1 .5 3 1 (7 ) C22- C25 1 .5 4 6 (7 ) 1 .5 3 8 (5 ) 11
09 -  c i 4 1 .5 5 2 (7 ) C22- C26 1 .5 4 4 (6 ) 1 .5 4 7 (5 ) j
01 -  C7 1 .2 0 4 (7 ) 04 - C24 1 .2 0 6 (9 ) 1 . 205( 6 ) ]
\ 1 .2 0 7 (4 )
02 -  CIO 1 .2 1 4 (9 ) 03 - C21 1 . 203( 1 0 ) 1 .2 0 9 (7 ) ,
W e i g h t e d  a v e r a g e  a n d  S t a n d a r d  D e v i a t i o n s  f o r  B o n d l e q g d i s  a n d  a n g l e s  a r e  c a l c u l a t e d  b y  u s i n g  t h e  f o r m u l a s
E  x i / a i 2  i
x  =  i _________  a  =  ( E ( l / a i ) 2 ) " 3
Bond Angles
M olecule  1 . M olecu le  2 . ♦W eighted average
Bonded Atoms A (10 ct) Bonded Atoms A (10 o) ( X, 10 a )
C7 - Nl -  CIO 1 1 1 .8 (6 ) C21- N2 -  C24 113.6(6) 1 1 2 .7 (4 )
Nl -  C7 - C8 1 0 7 .2 (5 ) N2 - C24- C23 107.0(6) 1 0 7 .1 (4 ) 1
: 1 0 7 .4 (3 )
Nl -  CIO- C9 1 0 9 .3 (6 ) N2 - C21- C22 1 0 7 .3 (6 ) 1 0 8 .4 (4 )
C7 -  C8 - C9 1 0 2 .9 (6 ) C22- C23" C24 1 0 3 .0 (7 ) 1 0 2 .9 (5 ) ‘
1 0 2 .9 (3 )
c io -  C9 - c8 101.6(5) C21- C22- C23 1 0 3 .9 (5 ) 102.8(3) .
01 -  C7 -  Nl 1 2 3 .3 (7 ) N2 -  C24- 04- 1 25-1(7 ) 1 2 4 .5 (5 ) ’
1 2 4 .6 (3 )
02 - CIO- Nl 1 2 4 .2 (7 ) N2 - C21- 03 1 2 5 .0 (6 ) 1 2 4 .7 (5 )
C7 -  Nl -  C6 123-9(4) C24- N2 - C20 1 2 4 .5 (5 ) 1 2 4 .2 (3 )
1 2 4 .0 (2 )
CIO- Nl -  C6 1 2 4 .3 (5 ) C21- N2 - C2C 1 2 3 .1 (6 ) 123.8(4) -
01 -  C7 - C8 1 2 9 .0 (7 ) 04 -  C24- C23 127.8(6) 1 2 8 .4 (5 ) '
* 1 2 7 .9 (3 )
02 -  CIO- C9 126.5(6) 03 - C21- C22 128.7(6) 1 2 7 .6 (4 ) 1
c i  3- C9  -  c i 4 109-6(3 ) C25- C22- C26 1 0 8 .9 (4 ) 1 0 9 .3 (2 ) 1
r 1 0 9 .4 (2 )
C ll-  c8 -  C12 1 1 0 .7 (5 ) C27- C23- C28 1 0 9 .0 (5 ) 109.8(4)
CIO- C9 - Cl4 1 0 6 .2 (6 ) C21- C22- C26 1 0 4 .8 (6 ) 1 0 5 .5 (4 )
00vo
C7 - c8 -■ C ll 105*9(4) C24- C23- C27
C10- C9 -■ C13 110 . 5( 5 ) C21- C22- C25
C7 - C8 -■ C12 1 10 . 8 ( 5 ) C24- C23- C28
C9 - C8 -■ C ll 1 1 1 .3 (5 ) C22- C23- C27
C8 - C9 ■■ C13 1 1 6 . 5( 6 ) C23 - C22- C25
C9 - c8 -■ C12 1 1 4 .2 (4 ) C22- C23- C28
c8 - C9 ■■ Cl4 1 1 1 .6 (5 ) C23- C22- C26
1 0 5 .2 (4 ) 1 0 5 . 6 ( 3 )
1 09 -9 (4 ) 1 1 0 .2 (4 )
1 0 9 .7 (5 ) 1 1 0 .3 (4 )
1 1 2 .9 (5 ) 1 1 2 .4 (4 )
1 1 5 .4 (6 ) 1 1 6 .0 (4 )
1 1 5 .2 (4 ) 1 1 4 .8 (3 )
1 1 3 .1 (5 ) 1 1 2 .3 (4 )
'S
TABLE II-7
STRUCTURE FACTOR TABLE FOR N-PHENYLTETRAMETHYLSUCCINIMIDE 
. (VALUES ARE MAGNIFIED BY TEN TIMES)
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The b lu e - b la c k ,  m an y -face ted ,  e lo n g a ted  c r y s t a l s  o f  th e  r a d i c a l  
c r p h e n y l t e t r a m e th y ln i t r o n y ln i t r o x id e  a re  s t a b l e  in  a i r .  The h igh  
r e a c t i v i t y  o f  t h i s  compound w ith  most s o lv e n t s  l im i te d  th e  c h o ice  
o f  a d h es iv e  m a t e r i a l  f o r  s t a b i l i z i n g  i t s  p o s i t i o n  in s id e  a c a p i l l a r y  
tu b e .  A s i n g l e  c r y s t a l  w ith  approxim ate  dim ensions 0 .7  x 0 .3  x  0.3mm 
was a t t a c h e d  i n s i d e  a c a p i l l a r y  tube  by means o f  s i l c o n  stopcock 
g r e a s e .  F ilm  d a ta  were o b ta ined  w ith  an Enraf-N onius Weissenberg 
camera u s in g  N i - f i l t e r e d  CuKa r a d i a t i o n  ( l ^ ^ ?  A w aveleng th ).
The weak i n t e n s i t y  o f  th e  v e ry  few r e f l e c t i o n s  e x h ib i te d  on th e  
f i lm s  in d i c a t e d  t h a t  th e  f r e e  r a d i c a l  i s  a much weaker s c a t t e r e r  
o f  x - r a y s  th a n  i t s  d iam agnetic  an a logue , th e  succin im ide  ( s e e  ab o v e) .  
F u r th e rm o re ,  a f t e r  about f iv e  days t im e , d i s s o l u t i o n  o f  the  c r y s t a l  
i n  th e  s i l i c o n  g rea se  was observed . P re l im in a ry  c e l l  dimensions 
( c e l l  A) were o b ta in ed  c o n v e n t io n a l ly  from th e  r o t a t i o n ,  W eissenberg
and p r e c e s s io n  f i lm s .  Sys tem atic  absences  d e r iv ed  from the  f i lm s
6showed th e  space  group to  be P2 i / c ,  no f l o a t a t i o n  d e n s i ty  m easure­
ment was perform ed fo r  t h i s  r a d i c a l  due to  i t s  ra p id  d i s s o l u t i o n  
i n  a l l  s o l v e n t s ,  bu t d e n s i t y  was n o t  a n e c e s sa ry  datum due to  the  
presumed s i m i l a r i t y  o f  i t s  u n i t  c e l l  ( Z = 8 ) w ith  th a t  o f  the  
su c c in im id e .
I n  o r d e r  to  measure i n t e n s i t i e s  i t  was n e ce ssa ry  to  s e l e c t  . 
a n o th e r  s in g le  c r y s t a l  o f  approxim ate  d im ensions 0 .2 8  x 0 .2 3  x 0 . 18mm. 
No m ounting m a t e r i a l  was used to  im m obilize  th e  c r y s t a l .  Mounting 
was accom plished  by jamming th e  c r y s t a l  ( g e n t ly )  in to  a 0 . 3mm
95
(maximum I . D . ) Lindemann c r y s t a l  mounting c a p i l l a r y  tube  a l l  
th e  way to  th e  narrow  neck u n t i l  th e  c r y s t a l  remained immovable.
The a l ignm en t and o r i e n t a t i o n  o f  th e  c r y s t a l  on an Enraf-N onius 
PAD-3 d i f f r a c t o m e t e r  were perform ed by c a r e f u l l y  c e n te r in g  r e f l e c ­
t i o n s  by th e  p in h o le  method. Three a r b i t r a r i l y  chosen  r e f l e c t i o n s  
w ith  re a so n a b ly  s t r o n g  i n t e n s i t i e s  were used to  d e f in e  a u n i t  
c e l l .  These r e f l e c t i o n s  were a ss igned  in d ic e s  (0  2 0 ) ,  (6  0 0 ) ,  
and (0 0 4) and d e f in e d  a t r i c l i n i c  u n i t  c e l l  (AM) w ith  the  same 
volume as c e l l  A d e r iv e d  from f i lm s .  The two l a t t i c e s  A and A" 
were then  reduced  by REDUCELL. This  program se a rc h es  fo r  th e  
th r e e  s h o r t e s t  n o n -c o p la n a r  r e c ip r o c a l  v e c to r s  in  any l a t t i c e .
These th r e e  v e c t o r s  to g e th e r  w ith  t h e  v e c to r  t r a n s fo rm a t io n  from th e  
i n i t i a l  c e l l  d e f in e  th e  reduced s tan d a rd  c e l l  ( A ' ) .  S ince th e  
s tan d a rd  reduced  c e l l  i s  un ique f o r  a g iven  c r y s t a l ,  A' must be 
i d e n t i c a l  f o r  th e  two i n i t i a l  c e l l s  A and A". The t ra n s fo rm a t io n  
o f  l a t t i c e  v e c to r s  ( o r  in d ic e s )  from c e l l  A" to  c e l l  A i s  thus  
e a s i l y  d e r iv e d ,  and th e  r e s u l t  i s  shown below:
h \ / a \ f  1 2
' l \
fh'\ / a " \
k o r b = 0 1
°
k" or b"
'.*1 \ s l 0 J v ' i ,c"j-
C e l l  A C e l l  A"
The c e l l  d im ensions o f  c e l l s  A, A ' ,  and A" a re  p re s e n te d  i n  Table I I - 8 .
The th r e e  i n i t i a l  o r i e n t a t i o n  r e f l e c t i o n s  co n seq u en tly  had 
in d ic e s  ( i n  c e l l  A) o f  (6  0 0 ) ,  ( F  0 4 ) ,  and ("5 2 0 ) ,  r e s p e c t iv e ly .  
ORIENT was used a g a in  to  g e n e ra te  an g le  s e t t i n g s  f o r  328 r e f l e c t i o n s .
The i n t e n s i t i e s  o f  s e v e r a l  r e f l e c t i o n s  were reco rd ed  and compared 
w ith  th o se  d isp la y e d  i n  th e  W eissenberg and p r e c e s s io n  f i lm s  in  
o rd e r  to  v e r i f y  th e  c o r r e c t n e s s  o f  th e  t r a n s fo rm a t io n .  I n  a d d i t io n ,  
39 r e f l e c t i o n s  were c a r e f u l l y  cen te re d ,  and a l e a s t - s q u a r e s  f i t  
o f  th e  o r i e n t a t i o n  and l a t t i c e  pa ram ete rs  was perform ed by ORIENT. 
DIFSET produced c o n t r o l  c a rd s  f o r  o n e - fo u r th  o f  th e  r e f l e c t i o n  
sphere  to  s e rv e  f o r  au to m atic  d a ta  c o l l e c t i o n .  Two s tan d a rd  r e f l e c ­
t i o n s  (6  0 0) and (5  0 0) were i n s e r t e d  a f t e r  every  n in ty - e ig h t  
r e f l e c t i o n s .  A summary o f  th e  c o n d i t io n s  under which the  d a ta  
were c o l l e c t e d  a u to m a t ic a l ly  i s  shown below.
Data Range H -22  to  22 ( v a r i e d  s low er)
K 0 to  11 ( v a r i e d  f a s t e s t )
L 0 to  l ?  ( v a r i e d  s lo w es t)
0 = 2 .5  + ( 1 .2 )  ta n  0
4 .6 °  to  20° 
- 2 .0 °  to  9 2 .0 °
5 seconds
1 /2  degree  p e r  m inute  
CuKffi, 1 .542 a,Ni - f i l t e r e d  
D I F D A T , w i t h  background, L o ren tz  and p o l a r i z a t i o n  c o r r e c t io n s  
was u t i l i z e d  to  compute th e  n e t  i n t e n s i t y  and th e  s tan d a rd  d e v ia t io n  
f o r  each r e f l e c t i o n  ( c f .  Chapter 1 ) .  A t o t a l  o f  2105 
r e f l e c t i o n s  was p ro c e s s e d ,  o f  which 1077 were observed ( I  a  2 o ( l ) ) ,  
1006 were unobserved ( I  < 2 a ( l ) ) ,  22 had been i n c o r r e c t l y  re c o rd e d ,






X -ray  Wavelength 
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r e l a t i v e  to  th e  su cc in im id e  c r y s t a l  i n d ic a te d  t h a t  re f in em en t o f  
p r e c i s e  bond le n g th s  and a n g le s  would be d i f f i c u l t ,  a f e a r  which 
was r e a l i z e d .  No c r y s t a l  i n s t a b i l i t y  was obvious from the  d i s t r i ­
b u t io n  o f  i n t e n s i t i e s  e x h ib i te d  by th e  two s tan d a rd  r e f l e c t i o n s .
TABLE I I - 8 
CELL PARAMETERS FOR CELL A, A ' , AND A" 
FOR Of PHENYLTETRAMETHYLNITRONYLNITROXIDE 
(CELL DIMENSIONS IN A AND ANGLES IN DEGREES)
99
loo
CELL A CELL A' CELL A"
a (A) 21.277 1 0 .0 9 0 2 8 .9 6 3
b (A) 10 .205 1 2 .1 8 6 1 0 .0 9 0
c (A) 12.292 2 0 .7 7 6 12 .186
a 9 0 .0 0 0 105.720 90 .203
P 108 .000 9 0 .0 0 0 78.649
V 9 0 .0 0 0 9 0 .2 0 3 134.166
E m p irica l  Formula 
M olecu lar  Weight 
C r y s ta l  System 
Space Group 




: M onoclin ic
: P 2 j/C  (C lh , No. HO
: 21 .138(13) A 
: 10 .1^6 (6 )  k
: 12 .231(7) A
: 108.12(10 A
: 29^3( 1) Is
: 1 . 2^g/cm3
: 8
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SOLUTION AND REFINEMENT OF STRUCTURE
As w ith  th e  su c c in im id e ,  d i r e c t  p h as in g  methods were ag a in  
u t i l i z e d  to  o b ta in  th e  s o lu t io n  o f th e  s t r u c t u r e .  Normalized s t r u c ­
t u r e  f a c t o r s  (E) were c a lc u la te d  by ECALC,*^ and 227 E 's  
w i th  v a lu e s  g r e a t e r  than  1.60 were in p u t  to  MULTAN. The th r e e  
r e f l e c t i o n s  used  to  d e f in e  th e  o r ig i n  were (5  8 5 ) ( 0 ) ,  (4  1 4 ) ( 0 ) ,  
and (6  2 3 ) ( 0 ) .  Three a d d i t io n a l  s t a r t i n g  r e f l e c t i o n s ,  w ith  phases  
o f  e i t h e r  0 o r  TT, y ie ld e d  e i t h t  (2 3 ) p o s s ib l e  s e t s  o f  phase  com bina tions .
The E map sy n th e s iz e d  w ith  th e  s e t  o f  p h ases  showing the  h ig h e s t  
FOM (1 .4 5 2 6 ) led  t o  th e  c o r r e c t  s t r u c t u r e .  Three c y c le s  o f  d iag o n a l  
l e a s t - s q u a r e s  y ie ld e d  an R va lue  o f  0 .1 8 6 .  T h is  encourag ing
v a lu e  im p lied  t h a t  a n o th e r  f r u i t f u l  r e s u l t  had been  o b ta in ed  d i r e c t l y  
60
from MULTAN. A re f in e m e n t  p rocedure  analogous to  t h a t  performed 
on th e  su c c in im id e  was employed ( s e e  abo v e) .  The phenyl r in g s  
and th e  fo u r  m ethy l groups were regarded  a s  r i g i d  b o d ie s ,  and
15 16
RBANG and ORFLSD were used to  compute th e  l e a s t - s q u a r e s  f i t
o f  th e  observed  and c a lc u la te d  s t r u c t u r e  f a c t o r s .  The f i r s t  c y c le
o f  i s o t r o p i c  r i g i d  group re finem en t on 990  s t r u c t u r e  f a c to r s
y ie ld e d  an agreem ent f a c t o r  o f  0 .137 . F i f t y - t h r e e  r e f l e c t i o n s ,
judged to  be s y s t e m a t i c a l l y  in  e r r o r  by p e r u s a l  o f  th e  o r i g i n a l
d i f f r a c to m e te r  d a ta ,  had been e l im a ted . N ext, each  r e f l e c t i o n
was w eighted  by a f a c t o r  W = l / o ^ a n d  a t  th e  end o f  th e  t h i r d  cy c ler
1 6o f  ORFLSD an Rw o f  0 .064  and R o f  0 .134  were o b ta in e d ,  w ith  an 
EOF o f  6 . 3198 . (Nq «* 937 and = I 37 ) At t h i s  s t a g e ,  one o f  
th e  two m olecu les  i n  th e  c r y s t a l  independen t u n i t  c o n ta in e d  two
102
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o b v io u s ly  l a r g e  d i s t a n c e s  ( 1 .71  and 1 .J2  A) between two n i t r o n y l  
r i n g  carbons  and t h e i r  a t ta c h e d  methyl g ro u p s .  These two m ethyl 
groups d is p la y e d  p o s i t i o n a l  and therm al p a ra m e te rs  which f lu c tu a te d  
w i th o u t  convergence i n  th e  l e a s t - s q u a r e s  t r e a tm e n t .  The r e s u l t i n g  
C-C d i s t a n c e s  were too  l a r g e  to  be accounted  f o r  by the rm al m otion .
The l a r g e s t  s h i f t / e r r o r  r a t i o  was found to  be 1 . 5 1 . An a b s o r p t io n  
c o r r e c t i o n  was n o t  p o s s ib l e  due to  th e  d i f f i c u l t y  o f  m easuring  
c r y s t a l  fa c e s  i n s id e  a c a p i l l a r y  tu b e ,  b u t  a b s o r p t io n  was n o t 
l i k e l y  to  c o n t r i b u te  to  th e  e r r o r  o f  th e  s t r u c t u r a l  p a ram ete rs  
s in c e  th e  l i n e a r  a b s o r p t io n  c o e f f i c i e n t  n(CuKa) i s  5 .8 8  cm” 1 .
Tab les  I I - 9  to  I I - 14 in  the  fo l lo w in g  pages l i s t ,  r e s p e c t i v e l y ,  
a tom ic c o o rd in a te s  and i s o t r o p i c  tem p e ra tu re  f a c t o r s  o f  a l l  atoms
16 15
from ORFLSD, E u le r  a n g le s  o f  r i g i d  b o d ie s  from RBANG, d ih e d r a l  
a n g le s  between p la n e s  from PLANET,^® t o r s i o n a l  a n g le s  from TORSION,^
15
in te r m o le c u la r  bond d i s t a n c e s  and an g le s  o b ta in e d  from BONDLA,
and th e  observed  and c a l c u l a t e d  s t r u c t u r e  f a c t o r s  fo r  each r e f l e c t i o n .
F ig u re  I I - 2 shows th e  scheme o f  numbering atom s.
FIGURE I I - 2 











/ \  / \  
MO MC MB MA













/ \  l \
MH MG MF ME
0 3
M F:C24.H26.H27.H28
MG: C25 >H29i H30« H31
MH:C26.H32.H33*H34
ME: C23 > H23»H24 > H25
Hovn
TABLE I I - 9 
FRACTIONAL CELL COORDINATES AND 




Atom Fractional Cell Coordinates
x (104 o) y (104 ct) z (1 0 4 a) B (10  a
Nl 0 .3394(8 ) 0 .0715(14) 0 .1317(14) 4 .2 (3 )
01 0 . 2854( 6 ) 0 .0245(11) 0 .0677(11) 4 .4 (3 )
N2 0 . 4308( 7 ) 0 .1040(14) 0 .2687(13) 3 .8 (4 )
02 0 . 4782( 6 ) 0 .0944(11) 0 .3648(11) 4 .6 (3 )
C7 0 .3784(8 ) 0 .0253(13) 0 .2318(14) 2 .1 (4 )
c8 0 . 3610( 9 ) 0 .2081(19) 0 . 1085( 17) 4 .1 (5 )
C9 0 .4 331(9 ) 0 . 1988( 18 ) 0 .1812(17) 3 -9 (4 )
Phenyl A 0 .3509(3 ) 0 .7930(6 ) 0 .3394(7)
Cl 0 .3 0 6 6 0 .8 0 6 3 0.2204 3 .3 (4 )
C2 0 .3 1 5 3 0 .6 9 3 4 0.2744 3 .8 (4 )
C3 0 .3 3 9 6 0.6801 0.3934 4 .1 (4 )
c4 0 .3 7 9 0 0.7797 0.4584 3 -9 (4 )
C5 0 .3 9 2 5 O.8927 0.4045 3 -5 (4 )
c6 0 .3 6 6 2 O.9059 0.3855 2 .3 (4 )
HI 0 .3 0 7 8 O.8158 0 .1 3 5 0 6 .0
H2 0.2849 0.6219 0.2277 6 .0
H3 0 .3 3 0 0 0.5991 0 .4321 6 .0
H4 O.3981 O.7702 0 .5 4 3 8 6 .0
H5 0.4297 0.9642 0 . 451? 6 .0
io 8
M ethyl A 0 .3508 0 . 221+8 - 0 .0 1 6 5 0 .9
CIO 0.3508 0 . 221+8 - 0 .0 1 6 5 5 .1 (5 )
H6 O .368O 0 .3 0 0 0 - 0 . 0521+ 6 .0
HT O .37O9 0 . 11+03 - 0 .0 3 2 8 6 .0
H8 O .3OI3 0 .2 2 0 1 - 0 .0 5 0 2 6 .0
M ethyl B O .3I 83 0 .3 0 3 6 0 . 11+53 0 .2
C ll O.3183 0 .3 0 3 6 O . U 53 ^ .7 ( 5 )
H9 0.323lf 0 .2 8 1 5 0 .2 2 7 2 6 .0
HIO 0.2770 0 .2 6 0 8 0 .0 9 3 9 6 .0
H ll 0.311+7 0 . 1+016 0 . 131+8 6 .0
M ethyl C 0.14-786 0 . 11+68 0.1235 0 .5
C12 0.14-786 0 . 11+68 0.1235 6 . 1 ( 6 )
HI? O .513O 0 .1 8 2 2 0.1937 6 .0
H13 ' 0.14877 0 .1 8 0 9 0 .0 5 2 8 6 .0
Hll+ 0 . 1+809 0 . 01+83 0 . 121+2 6 .0
M ethyl D 0 . 1+611 0 .3 2 8 8 0.2393 0 .3
C13 0 . 1+611 0 .3 2 8 8 0.2393 5 .7 (5 )
H15 0 . 1+971+ 0 .3 1 1 0 0.3127 6 .0
Hl6 0 . 1+782 0 .3 8 9 6 0 .1901 6 .0
HIT 0 . 1+227 0 .3 7 1 6 0.2571 6 .0
109
Molecule 2.
Atom F r a c t i o n a l  C e l l  C o o rd in a te s
x (1 0 4 a)  y (104 a )  z (104 a) B (10 a)
N3 0 .0 7 5 5 (8 ) 0 . 1105( 1 7 ) 0 .8 6 3 4 (13) 4 .4 ( 4 )
03 0 . 0434 ( 6 ) 0 .1714(12) 0.9172(11) 6 .1 (3 )
N4 0 .14 4 8 (8 ) 0 . 0561 ( 18 ) 0 .7745(13) 4 .7 (4 )
o4 0 . 1908 ( 6 ) 0 . 0523 ( 12 ) 0 .7274(11) 6 .6 (4 )
C20 0 .1 2 6 4 (9 ) 0 . 1504( 19 ) 0 . 6306( 15) 5 .4 (5 )
C21 0 . 0637 ( 12) 0 . 9710( 2^) 0.8374(19) 6 .1 ( 5 )
C22 0 . 1038( 13 ) 0 .9345(29) 0 . 7586( 23 ) 8 . 0 ( 6 )
Phenyl B 0 .3 5 2 9 (3 ) 0 .7930(6 ) 0 .3394(7) - 0 .1
Cl4 O.1 5 2 5 0.2792 0.8422 2 .7 ( 4 )
Cl 5 0 .1555 0.3529 O.9399 3 .9 (4 )
c i6 0 .1 8 5 2 0.4771 0 .9 5 5 4 4 .6 ( 5 )
C17 0 .2118 0 .5 2 7 6 0.8732 4 .5 ( 5 )
c i8 0 .2 0 8 8 0.4540 0.7755 4 .6 (4 )
C19 O.1791 0 .5 2 9 8 O.76OO 4 .4 (5 )
HI 8 0 ^ 3 6 4 0 .3 1 6 6 0 .9989 6 .0
H19 0 .1873 O.5299 1.0255 6 .0
H20 0 .2 3 3 1 O.6 I 67 0.8844 6 .0
H21 0 .2279 0 .4 9 0 3 0 .7 1 6 6 6 .0
H22 0 .1 7 6 9 0 .2 7 7 0 0 .6 8 9 9 6 .0
l lo
Methyl E 0.1153 O.8939 O.9562
C23 0.1153 O.8939 O.9562
H23 0 .4974 0 .3 1 1 0 O.3127
H24 0.4782 O.3896 0 .1901
H25 0.4227 O.3716 0.2571
Methyl F 0 .0 0 1 3 0 .9153 O.836O
C2k 0 .0 0 7 3 0 .9153 O.836O
H26 - 0 .0 1 8 8 0.9825 O.7749
H27 - 0 .0 1 3 1 0 .8252 0.8049
H28 -0 .0 1 4 3 O.9319 0 .9042
M ethyl G 0.1239 0.8135 0 .7322
C25 0.1239 0 .8 1 3 5 0.7322
H29 0.1412 0 .8292 0.6657
H30 0 .1 1 0 6 O.719O 0.7326
H31 O .I 598 0.8341 O.8O59
M ethyl H 0.0545 ' 0 .9679 0.6448
C26 0.0345 0.9679 0.6448
H32 - 0 .0 0 0 1 1.0549 0.6454
H33 0.0253 0 .9 3 2 6 0.5648
H34 O.O796 1 .0106 0 .6 7 0 0
4 .1




















EULERIAN ROTATION ANGLES (DEGREES) 




•>Group (1 0  a) 0 (1 0  a ) p (10  a)
Phenyl A - 3 8 . 6 ( 6 ) ' 6 2 .4 (4 ) -7 6 .3 (6 )
Methyl A - 0 . 5( 1 8 ) - 8 . 0 ( 19 ) 156.7(19)
M ethyl B -2 4 .2 (1 1 ) 1 6 .9 (22 ) -95 -5 (20 )
Methyl C 0 .4 (1 7 ) -9 0 .5 (1 8 ) -27 2 .2 (1 7 )
M ethyl D - 8 2 . 7 ( 16 ) -2 8 .4 (2 2 ) -7 6 .0 (1 7 )
M olecu le  2.
Group 4 (1 0  a) 0 (1 0  a) p (10  a)
Phenyl B -1 0 1 .2 (7 ) - 6 0 . 0 ( 3 ) -1 6 5 .0 (7 )
Methyl E -4 5 .7 (2 2 ) 2 3 .7 (2 9 ) 4 1 .3 ( 51)
Methyl F 142.2(25) 6 6 . 6 ( 2 3 ) 114 .4(24)
Methyl G -1 0 9 .4 (4 2 ) - 8 4 . 8 ( 3 6 ) -3 .0 ( 4 4 )
M ethyl H -4 3 .5 (5 3 ) 4 8 .4 (3 7 ) 180.6(35)
TABLE I I - 11 
RESULTS FROM PLANET 
FOR orPHENYLTERTRAMETHYLNITRONYLNITROXIDE
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E q u a t i o n s  o f  P l a n e s  
( E x p r e s s e d  i n  F r a c t i o n a l  C o o r d i n a t e s  o f  t h e  U n i t  C e l l )
P l a n e  1 :  l 4 . 3 9 1 x  -  5 * 7 O 0 y  -  8 . 0 5 1 z  -  3 . 4 2 5  =  0
D e f i n i n g  A t o m s :  C 7 ,  N l ,  N2 0 1 ,  0 2
P l a n e  2: 18 .857x - 4 .449y - 4 .665z -  5*992 = 0
D e f i n i n g  Atoms: C l ,  C2, C3, C4, C5, C6
P lane  3 : 9 * l4 5 x  -  5*742y - 9*8o4z - 1 .043 “  0
D e f in in g  Atoms: C7, C8 , C9
P lane  4: - 8 . l 8 0 x  + 3 .429y - 8 .500z - 0 .9 2 8  = 0
D e f in in g  Atoms: CPO, N3 , N4, 03 , 04
P lan e  5 : - l 6 . 2 8 7 x +  4 .225y - 2 .679z + 0 .881 = 0
D e f i n i n g  A t o m s :  Cl4, C15, C l6 , C17, C l8, C19
P l a n e  6 : - I O . 863X +  3 - 5 2 7 y  -  7 * l 6 2 z  -  O . 37O = 0
D e f i n i n g  A t o m s :  C 2 0 ,  C 2 1 ,  C 22
Distances of Atoms From Planes (!)
Molecule 1.
N1 N2 01 02 07 c8 C9
P la n e  1 -0 .0 0 8 0 .0 1 9  - 0 .0 0 5  - 0 .0 1 7 0 .0 1 1  - 0 .2 8 9  0 .2 1 7
P lan e  2 -0 .5 2 4 0 .4 1 6  - 1 .039  0 .9 0 4 - 0 .0 5 0  - 0 .6 1 6  0 .4 4 5
P la n e  5 O.3 5 9 - 0 .3 3 5  0 .761  - 0 .7 8 8 0 .0 0 0
M olecule 2.
N3 n4 03 04 C20 C21 C22
P la n e  4 -0 .0 0 6  -0 .0 0 3 0 .008 0 .0 0 7  - 0 .0 0 7  0 .1 6 7  - 0 .0 5 0
P la n e  5 0 .4 8 4  -O .636 1.120 - 0 .8 2 2  -0 .0 8 9  0 .1 5 7  -0 .4 3 9
P la n e  6 -O .1 7 8  0 .130 -0 .3 5 6 O .3O6
Dihedral Angles (Degrees)
I .  J  A n g l e s
1 2 ' 25-15
1 3 19.57
2 3 Mk TO
k 5 31.46
h 6 8 .43
5 6 23-19
TABLE 1 1 - 1 2  




M olecule 1. M olecule 2.
A B C D PHI A B C D PHI
01 N1 C7 N2 179.1
01 N1 C8 CIO - 44.8
01 N1 C8 C ll 73-8
01 N1 C7 C 6 2.1
02 N2 C7 N1 177.0
02 N2 c 9 C8 -6 .2
02 N2 C9 Cl 2 76.8
02 N2 C9 ci3 -ho. 6
N1 C7 c 6 Cl 23-0
N1 c8 C9 N2 - 27.5
CIO c8 C9 C12 - 27.4
CIO C8 C9 C13 99.0
C ll C8 C9 C12 - 157.2
C ll C8 C9 C13 -3 0 .8
03 N2 C20 N4 - 179.0
03 N3 C21 C23 - 87.5
03 N3 C21 C24 22.1
03 N3 C20 Cl4 6.0
04 N4 C20 N3 179 • h
o4 n4 C22 C21 -0 .2
o4 n4 C22 C25 21.2
04 N>l C22 C2 6 - 97.3
N3 C20 c i 4 C15 37.4
N3 C21 C22 n4 - 12.4
C23 C21 C22 C25 - 15. 4
C23 C21 C22 C26 101.4
C24 C21 C22 C25 -111 .1
C24 C21 C22 C26 - 55.0
TABLE 11-13 
BOND LENGTHS (A) AND BOND ANGLES (DEGREES) 
FOR o r PHENYLTETRAMETHYLNITRONYLNITROXIDE
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Bond Lengths
M olecule l . M olecule  2 . Weighted average
Bonded Atoms D (10£ a) Bonded Atoms D (102 a) D (a)
N1 - 01 1 . 26 ( 2 ) n4 - 04 1 . 28 ( 2 )
[ 1 .2 7 (1 )
N2 -  02 1 . 29 ( 2 ) N3 - 03 1 .2 5 (3 )
N1 -  C7 1 .3 3 (2 ) N4 -  C20 1 .3 0 (* )
1-32(1 )
N2 -  C7 1-33(2 ) N3 - C20 1 .3 2 (3 )
N1 -  C8 1 .5 1 (3 ) N4 - C22 1 .4 9 (3 )
1 .4 8 (3 )
N2 -  C9 1 .4 5 (3 ) N4 - C21 1 .4 6 (3 )
C8 -  C9 1 .5 1 (3 ) C20- Cl4 1 .4 1 (2 ) 1 .4 1 (2 )
Cl - C7 1 .4 4 (2 ) C21- C22 1 .5 1 (4 ) 1 .5 1 (4 )
c8 - CIO 1 .4 9 (3 ) C22- C2c 1 .7 2 (4 )  >
C8 -  C ll 1 .4 9 (3 ) C22- C25 1 .3 7 (4 )
1 .5 4 (1 )
C9 -  C12 1 .4 6 (3 ) C21- C24 1 .4 3 (3 )
C9 -  C13 1 .5 3 (3 ) C21- C23 1 .7 1 (3 )  J
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Bond AngleB
M olecule  1. M olecule  2 . *Weighted average
Bonded Atoms A (10 a) Bonded Atoms A (10  a ) A. (10 U)
N1 -  C7 -  N2 109 .3 (15) N3 -  C20- N4 109 .7 (17) 108 . 9 ( 1 )
C7 -  N1 -  C8 111 .0 (14) C20- N3 - C22 U 5 .3 ( 1 9 )
111 .5 (8 )
C7 -  N2 -  C9 1 11 . Mill-) C20- N3 -  C21 109 .3 (18)
N1 -  C8 -  C9 9 8 .1 (1 4 ) N4 - C22- C21 9 7 .3 (2 0 ) 9 7 . 7 ( H )
N2 - C9 -  C8 102.5(16) N3 - C21- C22 106 . 6 ( 2 1 ) 103 . 8 ( 1 2 )
01 - N1 - C7 1 28 . 3( 16 ) 04 - N4 - C20 130 .7 (18)
1  128 . 6 ( 8 )
02  -  N2 -  C7 126 .5 (15) 03 - N3 - C20 129 .5 (17)
01 - N1 - C8 119 .8 (13) 04 - N4 - C22 113 .3(18)
|  119 .5 (8 )
02 -  N2 -  C9 121 .9(14) 03 -  N3 - C21 1 20 . 9 ( 18 )
C6  -  C7 -  N1 124 .7(14) Cl4- C20- n4 124 .4 (18) 1
> 1 2 5 . 6 ( 8 )
C6 -  C7 - N2 1 26 . 9 ( 13 ) Cl4- C20- N3 1 25 .6 (17) t
CIO- C8 - C ll 109 .3 (2 ) C15- C22- C26 103 .6 (19)
c io -  c8 -  C9 114 .2 (2 ) C25- 022- C21 130 . 2 ( 2 0 )
CIO- C8 -  N1 109 .9 (15) C25- C22- N4 l l l . 4 ( 1 9 )
cll- c8 - C9 117.3(16) C26- C22- C21
Cll- c8 - N1 107.1(17) C26- C22- NU
C12- C9 - CI3 108.6(16) C23- C21- C24
C12- C9 - C8 115.8(17) C23- C21- C22
Cl 2- C9 - N2 107.2(16) C23- C21- N3
C13- C9 - C8 113.2(15) C2k- C21- C22
C13- C9 - N2 109.1(15) C2U- C21- N3
8 7 .9 (1 9 )  
105-3(19) 
99 -9 (19 )  




TABLE I I - l k  
STRUCTURE FACTOR TABLE 
FOR o r  PHENYLTETRAMETHYLNITRONYLNITROXIDE 
(VALUES ARE MAGNIFIED BY TEN TIMES)
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DISCUSSION
What fo llow s i s  a d e s c r i p t i o n  and comparison o f  th e  s t r u c t u r a l  
f e a t u r e s  o f  N -P h e n y lte tram e th y lsu cc in im id e  (N-|4s ) and 
c r P h e n y l t e t r a m e th y ln i t r o n y ln i t r o x id e  (or^NN) and th e  s i g n i f i c a n t  
consequences b rough t about by th e  structural differences. A lso  d is c u s s e d  
b r i e f l y  i s  th e  h o s t / g u e s t  d i l u t e  s in g le  c r y s t a l  te ch n iq u e  o f  e s r  
m easurem ent. F i n a l l y ,  th e  r e s u l t s  o f  m o lecu la r  o r b i t a l  c a l c u l a ­
t i o n s  which have been perform ed on bo th  m olecu les  w i l l  be p r e s e n te d .
MOLECULAR STRUCTURES
F ig u re s  I I - 5 and F igu re  I I - 4 p r e s e n t  the  s te r e o s c o p ic  draw ings 
o f  th e  two compounds. S ince t h e r e  a r e  two m olecules  p e r  asymmetric 
u n i t  i n  each c r y s t a l ,  th e  average  m o lecu la r  s t r u c t u r e  in  most 
c a s e s  i s  tak en  as th e  t r u e  s t r u c t u r e .  The n e a r ly  i d e n t i c a l  mole­
c u l a r  s i z e s  and chem ical com posit ions  o f  th e  two compounds had 
le d  to  th e  re a so n a b le  b e l i e f  t h a t  they  would have analogous  m ole­
c u l a r  and c r y s t a l  s t r u c t u r e s .  However, the  d e t a i l e d  s t r u c t u r a l  
a n a l y s i s  above shows c o n c lu s iv e ly  t h a t  a lth o u g h  they  have v e ry  
s i m i l a r  m o le c u la r  s t r u c t u r e s  which d i f f e r  in  only one im p o r ta n t  
d e t a i l ,  t h e i r  c r y s t a l  s t r u c t u r e s  a r e  com ple te ly  d i f f e r e n t .  Thus, 
in  c o n t r a s t  to  th e  p r e v io u s ly  assumed C^y p o in t  group f o r  th e s e  
m o le c u le s ,  the  c o r r e c t  p o in t  group i s  approx im ate ly  C2 . An a p p ro x i­
mate 2- fo ld  a x is  ( ig n o r in g  m ethyl g roups) c o in c id e s  w ith  th e  mole­
c u l a r  a x i s  o f  bo th  compounds. The s p a t i a l  c o n f ig u r a t io n s  o f  d i f ­
f e r e n t  p o r t i o n s  o f  each m olecule  w i l l  be d iscu ssed  s e p a r a t e l y .
125
FIGURE I I - 3
STEREOSCOPIC DRAWING OF N-PHENYLTETRAMETHYLSUCCINIMIDE
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FIGURE I I -k




The t h r e e  bonds around th e  n i t r o g e n  atom in  N-tfS a r e  c o p la n a r ,  
as a re  th e  an a lo g o u s  th r e e  bonds around th e  of-carbon i n  a-iiNN. This 
p l a n a r i t y  im p l ie s  t h a t  th e  non-o^bonding e l e c t r o n s  rem ain ing  in  th e  
v a len c e  s h e l l  o f  each  o f  th e s e  atoms o ccu p ies  a 2  Fz o r b i t a l ,  and 
one would e x p e c t  a c o n s id e ra b le  d eg ree  o f  c o n ju g a t io n  w ith  the  
2PTT bonds o f  th e  a d ja c e n t  atoms. In d e e d ,  th e  f i v  e-member ed m o ie t ie s  
(O-C-N-C-O i n  N-jiS and 0-N-C-N-0 in  cr^NN) a re  found to  be very  
n e a r ly  p l a n a r ;  l e a s t - s q u a r e s  p la n es  d e f in e d  by th e s e  atoms shows 
a maximum d e v i a t i o n  o f  on ly  0 .0 2  k.  This  p l a n a r i t y  i s  thus  a con­
sequence o f  re so n an ce  in v o lv in g  TT o r b i t a l s  on a l l  f i v e  atoms.
The fo l lo w in g  Lewis diagram s i l l u s t r a t e  th e  most im p o r tan t  resonance 
c o n t r i b u t io n s  to  th e  ground s t a t e  c o n f ig u r a t io n s  o f  th e  two m o lecu les .  
S t r i c t l y  s p e a k in g ,  re so n an ce  s t r u c t u r e  o f  th e  p la n a r  f r e e  r a d i c a l  can 
n o t  be drawn; o n ly  th o se  o f  th e  d iam ag n e tic  c a t i o n  can  be drawn. The 
unp a ired  e l e c t r o n  r e s i d e s  i n  a d e lo c a l iz e d  TT m o le c u la r  o r b i t a l  which 










The 1 .27  A N-0 bond d i s t a n c e  i n  a-tSNN i s  e q u iv a le n t  to  th o se
63
found in  o th e r  n i t r o x i d e s :  1 .23  A in  D i-p -A n isy l N i t r o x id e ,
1 .277 (8 ) A in  P o ta s s iu m -2 ,2 ,5 » 5 “ te t r a m e th y l -3 -c a rb o x y p y r ro l in e -
64 o 65
1 -o x y l ,  1 .30 A in  2 , 2 , 6 , 6- t e t r a m e t h y l - 4 -p ip e r id in o n e - 1 - o x y l ,
66 „ 
and 1 .23 (3 )  A in  D i - t - b u t y l n i t r o x i d e .  In  c o n t r a s t ,  th e  1 .207  A
C-0 d is ta n c e  in  N-rfS d em o n s tra te s  th e  g r e a t e r  TT c h a r a c te r  o f  th e
C-0 bond r e l a t i v e  to  th e  N-0 bond. A com parison o f  th e  N-C d i s ta n c e
o f  1.397 A in  N-rfS and 1.321 A i n  a-*SNN w ith  th e  1.48 a normal
67
N-C s in g le  bond d i s t a n c e  found i n  t r im e th y lam in e  su g g es ts  p a r t i a l  
double bond c h a r a c t e r s .  The p h en y l-ca rb o n  d i s t a n c e  o f  1.4-2 A 
in  N-(6S and th e  c o rre sp o n d in g  1.419 A p h e n y l -n i t r o g e n  d i s t a n c e  
i n  or'(4NN a l s o  imply p a r t i a l  double  bond c h a r a c t e r .
In  o rd e r  to  e s t im a te  th e  p e rc e n ta g e  o f double  bond c h a r a c te r  
i n  th e se  system s, th e  e m p ir ic a l  e q u a t io n  of P a u l in g ,68 which r e l a t e s  
bond le n g th s  to  p i-bond  c h a r a c t e r ,  may be employed 
R = Rx - (R x - Rg)(~ gx^ "— ) 
where R i s  the  e x p e r im en ta l  bond le n g th ,  Rt  i s  th e  s i n g le  bond 
d i s t a n c e ,  R2 i s  th e  double  bond d is ta n c e ,  and x i s  th e  p e rc en ta g e  
o f  double bond c h a r a c t e r .  The r e s u l t s  and v a lu e s  o f  the  bond 
le n g th s  which a re  n e c e s sa ry  f o r  perfo rm ing  the  c a l c u l a t i o n  a re  
shown i n  Table I I - 1 5 . The r e l a t i v e l y  l a r g e  double-bond c h a r a c te r  
o f  the  bond between th e  phenyl r i n g  and th e  f i v e  membered Tf-system 
i n  the  n i t r o x id e  (2 4 .2 $ )  r e l a t i v e  to  th e  10 . 2 >^ v a lu e  in  th e  suc- 
c in im id e  in d ic a t e s  t h a t ,  i n  th e  f r e e  r a d i c a l ,  resonance  i n t e r a c t i o n  
between the  phenyl r i n g  TT-system and th e  five-membered TT-system
TABLE 11-15 
PI BOND CHARACTERS IN THE FIVE MEMBERED 




Compound Bonded Atoms R Ri r2 io TT Bond
N-dS C-N 1.397 1.480 1.240 15.0
phenyl N-C 1.419 1.480 1.240 10.2
C-0 1.210 1.430 1.200 58.0
Of^NN C-N 1.320 1.480 1.240 4o .o
phenyl C-C 1.420 1.506 1.330 24.2
N-0 1.270 I.36O 1.180 25.0
13^
i t f  m*re p rom inent. That t h i s  i s  th e  case  i s  shown by th e  f a c t  
t h a t  the  i n c l i n a t i o n  an g le  betw een th e  phenyl r i n g  and th e  f i v e  
membered TT-system i s  s m a l le r  i n  criiNN, a s  d is c u s se d  below.
Although th e  five-membered TT-systems a re  p la n a r  in  bo th  compounds, 
th e  five-membered h e t e r o c y c l i c  r i n g s  them selves  a r e  not p la n a r .
The te t r a m e th y le th y le n e  m o ie t i e s  a re  tw is te d  o u t  o f  the  TT-system 
p la n e  by app rox im ate ly  19-5° in  a-^NN and 19 .6°  i n  N-fSS. (The tw i s t  
a n g le  in  one o f  the  indep en d en t m o lecu les  o f  orfiNN i s  found to  
be on ly  Q.kjP,  a consequence o f  th e  re f in e m e n t  d i f f i c u l t y  m entioned 
above. Thus, on ly  th e  p a ra m e te rs  from one m olecu le  a r e  used fo r  
t h i s  d i s c u s s io n . )  The m ethy l groups a r e  thus  s ta g g e re d  r e l a t i v e  
t o  one a n o th e r ,  presum ably, i n  o r d e r  to  r e l i e v e  s t e r i c  r e p u l s io n ,  
and no m ir ro r  symmetry e x i s t s  f o r  the  h e t e r o c y c l i c  r i n g s .
P la n a r  five-membered r i n g s  have been observed  i n  th e  N-
68 7-T
C hlo rosucc in im ide  and u n s u b s t i t u t e d  su cc in im ide  i t s e l f .  Thus, 
th e  atomic volumes o f  th e  fo u r  hydrogen atoms bonded to  th e  e th y le n e  
m o ie ty  in  th e se  two m o lecu les  a r e  ex trem ely  sm all compared to  
th e  volumes occupied by m ethy l g roups; t h u s ,  th e  hydrogens can 
be accomodated in  th e  low er energy  p la n a r  r in g  con fo rm ation .
P e r s p e c t iv e  views a lo n g  th e  e th y le n e  C-C a x is  o f  th e  s ta g g e re d  
confo rm ations  i n  bo th  N-^S and a-jSNN a re  shown in  F igu re  I I - 5*
Most o f  th e  bond d i s t a n c e s  and a n g le s  found f o r  N-16S and 
O-^NN a re  normal and need no f u r t h e r  comment. However, th e  m ethyl 
groups a t ta c h e d  to  th e  e th y le n e  m oie ty  o f  the  second independen t 
m olecu le  i n  a-(6NN a re  o b v io u s ly  o u t  o f  range  o f  carbon carbon
FIGURE II-5
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s in g le  bond d i s t a n c e s ,  even though th e  w eighted average  o f  a l l  
e ig h t  r in g -m e th y l  bonds y ie ld s  a v a lu e  o f  I . 5U0 A which i s  c l e a r l y  
a c c e p ta b le .  Since i t  i s  the  m o le c u la r  con fo rm ation  which i s  most 
im p o r ta n t ,  th e  d i f f i c u l t y  encountered w i th  th e s e  m ethyl groups 
does n o t  m i t ig a t e  th e  above d i s c u s s io n .
The most o u ts ta n d in g  d i f f e r e n c e  between th e s e  two m o lecu la r  
s t r u c t u r e s  i s  in  th e  o r i e n t a t i o n  o f  th e  phenyl r in g s  w ith  r e s p e c t  
to  th e  five-membered TT-systems. The a n g le s  a re  25.17°  and 31.^6°  
i n  cr<SNN (average  2 8 . 23° )  and 7 5 . 8°  and 6 8 . 8°  i n  N-dS (av e rag e  
7 2 . 2 ° ) .  I t  i s  th e se  s i g n i f i c a n t l y  d i f f e r e n t  an g le s  which i n  f a c t  
ghrerise to  th e  d i f f e r e n t  s t r u c t u r e s  o f  th e  two c r y s t a l l i n e  l a t t i c e s .  
However, in s p e c t io n  of th e  chem ical c o n s t i t u t i o n  p r e s e n ts  no m a n ife s t  
re a so n  why th e se  v a lu e s  should be so w id e ly  d i s p a r a t e .  I n  th e  
N-^S a v e rag e  in t e r n u c l e a r  s e p a r a t io n  between th e  o rtho -hydrogens  
o f  th e  phenyl r in g  and th e  carbony l oxygens o f  the  h e te r o c y c l i c  
r in g  i s  3 .25  A. This  d is ta n c e  i s  l a r g e  compared to  2 .6  A, the  
sum o f  th e  Van d e r  W aals' r a d i i  o f  th e  hydrogen ( 1 . 2  A) and oxygen 
( l . k  A). Indeed , i f  t h i s  an g le  i s  g r e a t e r  th an  W 3, s t e r i c  
r e p u l s i o n s  w i l l  be n e g l ig ib l e  ( c a l c u l a t e d  by means o f  DIHEDRAL).
(gee Appendix) Thus, w h ile  a d ih e d r a l  an g le  g r e a t e r  th an  about
lj-U° i s  n o t  re q u ire d  fo r  s t e r i c  r e a s o n s ,  bo th  N-(6S and N-(p-bromo-
71p h e n y l) - su c c in im id e  show a n g le s  o f  70°  and 60° ,  r e s p e c t i v e l y .
These l a r g e  ang les  a re  p robab ly  th e  r e s u l t  o f  c r y s t a l  pack ing  
( in t e r m o le c u la r )  f o r c e s .
The co rrespond ing  average  an g le  o f  28° found in  a-dNN b r in g s  
the  o r th o -h y d ro g en s  on the  phenyl r i n g  to  w i th in  2 .3 ?  A o f  th e
n i t r o n y l  oxygen atoms. One may g a in  some i n s i g h t  i n t o  the  p o s s ib l e
in t r a m o le c u la r  i n t e r a c t i o n s  i n  cr^NN by r e c a l l i n g  th e  s t r u c t u r e  
7 2o f  b ip h e n y l ,  i n  which th e  two r in g s  a r e  c o p la n a r  in  th e  c r y s t a l  bu t 
a r e  m u tu a l ly  i n c l in e d  a t  an an g le  o f  abou t 42° i n  th e  vapor s t a t e .
The c o n ta c t  d i s t a n c e s  between the  o r th o -h y d ro g en  atoms i n  c r y s t a l ­
l i n e  b ip h en y l a re  thus  l e s s  than  th e  sum o f  H-H Van d e r  Waals' 
r a d i i  i f  th e s e  hydrogens a re  assumed to  occupy th e  same p o s i t i o n s  
as th o se  i n  th e  b e n z e n e . r in g s .  E f f o r t s  to  l o c a t e  hydrogen atoms 
showed t h a t  th ey  were indeed d is p la c e d  from th e  p la n es  o f  th e  r in g  
carbons  i n  th e  expected  d i r e c t i o n  so as to  in c r e a s e  t h e i r  i n t e r ­
atomic s e p a r a t io n s  to  2 .35  A. The c r y s t a l  pack ing  energy  p lu s  
th e  energy  gained  by Tf-conjugation i s  th u s  g r e a t e r  th an  th e  com­
bined in t r a m o le c u la r  s t e r i c  energy  and C-H bending energy  in  b ip h e n y l .
I n  th e  o f-pheny ln itrony l n i t r o x i d e  c r y s t a l , th e  in te rm o le c u la r  
c o n ta c t  d i s t a n c e s  between methyl hydrogens o f  one m olecu le  and 
phenyl hydrogens o f  th e  o th e r  in dependen t m olecu le  may be c o r r e l a t e d  
w ith  th e  co rre sp o n d in g  v a lu e s  f o r  th e  in t r a m o le c u la r  i n c l i n a t i o n  
an g le  between the  two p la n e s .  The r e s u l t s  o f  c a l c u l a t i o n s  u s in g  
DIHEDRAL (Appendix) w ith  i d e a l i z e d  hydrogen atom p o s i t i o n s  a re  
l i s t e d  i n  Table  I I - 16; as th e  phenyl r i n g  i s  r o t a t e d ,  th e  d ih e d r a l  
an g le  in c r e a s e s  from 31°  (m olecu le  l )  and th e  in te r m o le c u la r  atomic 
s e p a r a t io n  between phenyl hydrogen H19 in  m olecu le  2 and m ethyl 
hydrogen H ll  in  m olecule  1 d e c re a se s  from i t s  observed v a lu e  o f  
2 .9  A. The sum o f  Van d e r  W aals ' r a d i i  between two hydrogens 
( 2 .4  A) i s  reached  when th e  phenyl r i n g —h e te r o c y c l i c  r in g  d ih e d r a l  
ang le  i s  43° . The d ih e d ra l  an g le  i s  46° when th e  d i s t a n c e  between
t h e  p h e n y l  o r t h o - h y d r o g e n  a n d  t h e  n i t r o x y l  o x y g e n  i s  2.6 A. T h u s ,  
t h e  f a c t  t h a t  t h e  o b s e r v e d  d i h e d r a l  a n g l e  i s  m u c h  l e s s  t h a n  t h e  
v a l u e  w h ic h  w o u ld  b e  p r e d i c t e d  f r o m  c o n s i d e r a t i o n  o f  v a n  d e r  W a a ls  
r a d i i  d e m o n s t r a t e s  t h a t  t h e  p a c k i n g  e n e r g y  c o u p l e d  w i t h  t h e  e n e r g y  
o f  c o n j u g a t i o n  i s  g r e a t e r  t h a n  t h e  i n t r a m o l e c u l a r  s t e r i c  i n t e r ­
a c t i o n  e n e r g y  i n  t h e  n i t r o x i d e .  C l e a r l y ,  TT-Tf i n t e r a c t i o n s  a r e  
c o n s i d e r a b l y  m o r e  i m p o r t a n t  i n  t h e  n i t r o n y l n i t r o x i d e  f r e e  r a d i c a l  
c o m p a r e d  w i t h  t h e  s u c c i n i m i d e ;  i t  i s  e x p e c t e d  t h a t  w h i l e  b o t h  
m o l e c u l e s  w i l l  d i s p l a y  a  m in im u m  i n  t h e  r o t a t i o n a l  e n e r g y  a t  a b o u t  
t h e  m in im u m  f o r  t h e  n i t r o x i d e  w i l l  b e  d e e p  a n d  t h e  m in im u m  
f o r  t h e  s u c c i n i m i d e  w i l l  b e  s h a l l o w .
A n o t h e r  i m p o r t a n t  d i f f e r e n c e  o f  t h e  m o l e c u l a r  s t r u c t u r e s  i s  
i n  t h e i r  c o n f o r m a t i o n s .  F i g u r e  I I - 6  s h o w s  a  s c h e m a t i c  r e p r e s e n t a ­
t i o n  o f  t h e  o r i e n t a t i o n s  o f  d i f f e r e n t  p l a n e s  i n  e a c h  s y s t e m .
W h i le  t h e  tw o  i n d e p e n d e n t  m o l e c u l e s  i n  t h e  a s y m m e t r i c  u n i t  o f  
N -^ S  a r e  n o t  r e l a t e d  b y  a n y  c r y s t a l l o g r a p h i c  s y m m e tr y  e l e m e n t ,  
t h e y  a r e  i n  f a c t  a l m o s t  e x a c t  e n a n t i o m o r p h s .  T h e  tw o  i n d e p e n d e n t  
m o l e c u l e s  i n  c r^ N N  h a v e  t h e  sam e  c o n f o r m a t i o n ,  h o w e v e r .  I n  b o t h  
c o m p o u n d s ,  a l t h o u g h  t h e  m o l e c u l e s  t h e m s e l v e s  a r e  c h i r a l ,  t h e  c r y ­
s t a l s  a s  a  w h o le  a r e  r a c e m i c  a n d  d o  n o t  sh o w  o p t i c a l  a c t i v i t y .
FIGURE I I - 6
SCHEMATIC REPRESENTATION OF THE CONFORMATION 
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Phenyl Methyl Atomic S e p a ra t io n s  ( A)
Hydrogens Hydrogens 22° 31° 1+1° 1+6° 51°
Hl8 H10 3 .22  2 .8 9 2 .56 2.1+1 2 .25
H19 H ll 3.32 2 .91 2.1*9 2 .2 8 2 .0 6
Ikk
CRYSTAL STRUCTURES
We now address ourselves to the major consequence of the 
different ring orientations in or^ NN and N-f6s ,  namely the differing 
crystal structures. In addition, we will discuss the host/guest 
dilute single crystal method that is used in esr spectroscopy. 
Cocrystallization of different substances has been standard
procedure for many years. Various examples, including oriented
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overgrowths (epitaxy) of metal films and mixed crystals of simple
7^inorganic salts, are scattered through the literature. Dilute 
single crystals are single-phase two-component crystals in which the 
concentration of one component is extremely low. A study of 
the individually available crystal structures of the host and 
guest substances reveals that similarity of conformations of the mole­
cules is the most important factor responsible for successful 
cocrystallization when the molecular sizes are similar. If there 
is more than one independent molecule in the asymmetric unit, 
it is found that the orientation of the molecules, which in turns 
determines the crystal structure, is also a significant factor.
Several examples that Bupport these contentions will be discussed
in the following paragraphs.
75Mangum ''has reported the results of a paramagnetic resonance 
absorption study of dilute single crystals of durene in which naphtha­
lene is a guest. The results show that the naphthalene molecules are 
oriented in the crystals such that they are not only coplanar with 
the durene molecules which they replace but also have their long
1^5
and s h o r t  tw ofo ld  axes p a r a l l e l  to  th e  long  and s h o r t  axes  o f  du ren e .  
The c r y s t a l  d a ta  f o r  th e  two compounds a re  summarized below.
D urene^  N ap h th a le n e ^
a -  1 1 .5 7 (1 )  A a = 8 .2 5 5 (5 )  A
b = 5*77(2) A b = 6 .003(10) A
c = 7 .0 3 (5 )  A c = 8 .658(10) A
p  = 1 1 .3 °  j3 = 122°  5 5 ' ( 5 ' )
z = 2 z = 2
v = ^30 A3 v = 362 A3
Space group P 2 j / a  Space group P2l / a
The s i g n i f i c a n t  d i f f e r e n c e  i n  th e  u n i t  c e l l  volumes i s  o b v io u s ly
a consequence o f  th e  d i f f e r e n t  m o le c u la r  s i z e s  o f  th e  two m o le c u le s .  
N e v e r th e le s s ,  th e  durene  and n a p h th a len e  m o lecu les  have p r a c t i c a l l y  
f l a t  o r  d i s c - l i k e  fo rm s, and bo th  m o lecu les  c o n ta in  c e n te r s  
o f  i n v e r s io n .  Thus, bo th  m o lecu les  occupy th e  i n v e r s io n  s i t e  
i n  th e  c r y s t a l l i n e  l a t t i c e ,  and as  long as th e  number o f  n a p th a le n e  
m o lecu les  rem ains s m a l l ,  th e  v a r ia n c e  in  m o le c u la r  volume w i l l  
n o t  d i s r u p t  th e  durene  l a t t i c e .  O ther systems which d em o n stra te  
th e  same phenomenon a re  ex em p l if ie d  by both  p h en an th ren e  and naph-
JQ *ZQ
th a le n e  g u e s t s  in  b ip h en y l  a s  a h o s t ,  and q u in o x a l in e  g u es t  
i n  durene a s  h o s t .
I n  th e  p ro c e s s  o f  f in d in g  th e  a n i s o t r o p ic  h y p e r f in e  and g
80t e n s o r  e lem en ts  o f  th e  d ip h e n y ln i t r o x id e  r a d i c a l ,  T. S. L in  
used  a d i l u t e  s in g l e  c r y s t a l  o f  benzophenone as  h o s t .  S ince
th e s e  two m o lecu les  have v e ry  s i m i l a r  m o lecu la r  s i z e s  and c o n s t i t u ­
t i o n s ,  s i m i l a r  c r y s t a l  d a ta  and s t r u c t u r e s  a re  to  be ex p ec ted .
X-Ray d a ta  have been re p o r te d  f o r  benzophenone °  and fo r  th e  ana­
logous  d i - p - a n i s y l n i t r o x i d e  r a d i c a l ^  b u t  no t f o r  th e  d ip h e n y ln i t ro x id e  
r a d i c a l  i t s e l f .  However, a s t r u c t u r a l  s i m i l a r i t y  o f  h o s t  and g u e s t  
can  be deduced from th e  d ih e d r a l  a n g le s  o f  th e  phenyl r in g s  in  
b o th  known system s s in c e  th e  an g le  i n  d ip h e n y ln i t ro x id e  should  
be c lo s e  to  t h a t  in  d i - p - a n i s y l n i t r o x i d e .  A c a l c u l a t i o n  o f  such 
a n g le s ,  based on th e  r e p o r te d  f r a c t i o n a l - c o o r d i n a t e s ,  shows them 
to  be 56°  i n  benzophenone and 55° *n d i - p - a n i s y l n i t r o x i d e .  Thus,
s u c c e s s f u l  c o c r y s t a l l i z a t i o n  i s  to  be expec ted .
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McConnell has p rep a red  v a r io u s  d i l u t e  c r y s t a l s  o f  n i t r o x i d e s  
f o r  e s r  s t u d i e s  by u s in g  as  h o s t  t e t r a m e t h y l - 1 , 3-c y c lo b u tan e d io n e  ( e ) ,  
t h e  c r y s t a l  o f  which i s  m o n o c lin ic  and in  which th e  cy c lo b u tan e  r i n g  
and th e  two oxygen atoms a l l  l i e  in  a  p la n e .  Examples o f  r a d i c a l s  which 
have  been  s tu d ie d  a r e  d i - ( t e r t - b u t y l ) n i t r o x i d e  ( f )  and 2 , 2 , 5 , 5- t e t r a -  
m e th y l - 3- o n e p y r r o l in e - l - o x y l  ( g ) .  A p la n a r  environment abou t th e  n i t r o ­
gen atom i s  found i n  ( f )  a s  w e l l  a s  i n  ( g ) .  F urtherm ore , th e  e n t i r e  
five-m em bered r i n g  in  th e  l a t t e r  m o lecu le  i s  p robab ly  a l s o  p l a n a r ,  as
deduced from th e  p l a n a r i t y  o f  an analogous n i t r o x id e  r a d ic a l ,  po tass ium -
611.
2 , 2 , 5 ,5 " t e t r am ethy l-3 - c a r b o x y p y r ro l in e - l - o x y l  ( h ) .  A ll o f  th e s e
p la n a r  c o n f ig u r a t io n s  a re  co m patib le  w ith  the  p la n a r  s t r u c t u r e  
o f  th e  d ik e to n e  ( e ) ,  and thus  d i l u t e  s in g le  c r y s t a l  fo rm ation  i s  






( e ) ( f ) (g) (h)
However, com parison  betw een th e  c r y s t a l  d a ta  fo r  crjiNN and 
N-(4S shows th a t  a lth o u g h  t h e i r  m o lecu la r s iz e s  a re  v e ry  s im i la r ,  
t h e i r  c e l l  p a ra m e te rs  a re  co m p le te ly  d i f f e r e n t  (S ee C ry s ta l  D a ta ) .
I n  bo th  c r y s t a l s  each  asynsnetric  u n i t  c o n s i s t s  o f  two m o lecu les , 
bu t th e  g re a t  d i f f e r e n c e  in  u n i t  c e l l  p a ra m e te rs  r e f l e c t s  th e  
f a c t  th a t  th e  o r i e n ta t io n s  o f  th e  m o lecu les  a re  co m p le te ly  d i f f e r e n t  
in  th e  two c r y s t a l s .  T h is  d i f f e r e n c e  in  o r ie n ta t io n ,  shown c l e a r ly  in  
th e  p ack ing  d iag ram s in  F ig u re  II-7> acco u n ts  f o r  th e  f a i l u r e  o f  d i l u t e  
s in g le  c r y s t a l  fo rm a tio n . The c r y s t a l  s t r u c tu r e s  o f  a l l  h o s t  c r y s t a l s  
c i te d  above c o n s i s t  o f  on ly  one whole m o lecu le  o r l e s s  in  
an  independen t u n i t ;  th u s ,  when one com pares c o n fo rm a tio n s , one 
need compare o n ly  m o lecu le  f o r  m o lecu le . In  th e  p re s e n t  s i t u a t i o n ,  
one needs to  compare two in d ep en d en t m o lecu les  as  a u n i t .  S ince 
th e  a r c h i t e c tu r e  o f  th e  h o s t /g u e s t  c r y s t a l  i s  a r e p e t i t i o n  o f 
t h i s  b a s ic  2 -m o lecu le  u n i t ,  m ism atch between th e  two u n i t s  means 
th a t  th ey  w i l l  n o t in te r lo c k  w ith  each o th e r  to  form a s in g le  
ph ase . I t  i s  p ro b a b le  t h a t  e p i t a x i a l  grow th o f  some kind  w i l l  r e s u l t .
FIGURE I I - 7 
UNIT CELL CONTENTS OF 
PHENYLTETRAMETHYLNITRONYLNITROXIDE ( a ) 
AND





M cConnelluc h a s  in v e s t ig a te d  th e  p a ram ag n e tic  reso n an ce  s p e c tr a  
o f  f r e e  r a d ic a l  g u e s t ( i )  in  th e  d iam ag n e tic  h o s t  ( j ) .  He found 
th a t  th e  r e s u l t i n g  s p e c tra  a re  too  co m p lica ted  to  be in te r p r e te d  easily. 
I t  i s  s t r o n g ly  su sp ec ted  th a t  th e  " d i l u t e  s i n g l e - c r y s t a l "  he o b ta in e d  
i s  p o ly c r y s ta l l in e  and h ig h ly  d is o rd e re d ;  how ever s in c e  no X -ray 
s t r u c t u r a l  d a ta  a r e  a v a i l a b le ,  th e re  i s  no c o n f irm a tio n  o f  t h i s  
s u s p ic io n . A p o s s ib le  reaso n  f o r  th e  p o l y c r y s t a l l i n i t y  may be 
th a t  th e re  e x i s t  in te rm o le c u la r  hydrogen ' bonds betw een th e  
n i t r o s y l  oxygen atom and th e  hydrogen atom  in  th e
C—NH
( CH3>8 .(CH )
H
( 0  ( j )
amide group in  ( i )  and c o rre sp o n d in g ly  betw een th e  secondary  amine 
hydrogen and th e  carb o n y l oxygen atom in  ( j )  t h a t  cause  th e  c r y s t a l  
s t r u c tu r e s  o f  th e  two su b stan ces  to  be c o m p le te ly  d i f f e r e n t .
ELECTRONIC STRUCTURE AND ESR DATA
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S em i-em p irica l SCF MO c a lc u la t io n s  have been pnjbcned cn b o th  N-^S 
a n J o r t to b y  means o f  th e  program®^ w r i t t e n - b y  P o p le . The CNDO/2 
ap p ro x im a tio n  (C om plete N eg lec t o f  D i f f e r e n t i a l  O verlap ) was used 
f o r  th e  c lo se d  s h e l l  m olecu le  N-f&S, b u t t h i s  ap p ro x im a tio n  n e g le c ts  
o n e -c e n te r  atom ic exchange i n t e g r a l s  and i s  to o  extrem e .to acco u n t 
f o r  th e  sp in  p o la r iz a t io n  c o n tr ib u t io n  to  th e  u n p a ired  e le c t r o n  
d e n s i ty  in  a  f r e e  r a d i c a l .  I n  f a c t ,  r e t e n t io n  o f  o n e -c e n te r  exchange 
i n t e g r a l s  i s  e s s e n t i a l  f o r  open s h e l l  m o le c u le s 'b e c a u se  th e  
exchange fo rc e s  betw een e le c t r o n s  co u p le  th e  s p in s  o f  th e  sigma 
and p i  e le c t r o n s  so th a t  a sm all s p in  d e n s i ty  w i l l  ap p ea r in  th e  
sigma o r b i t a l s .  C onsequen tly , in  o rd e r  to  e x p la in  some o f  th e  
e x p e r im en ta l e s r  r e s u l t s ,  th e  INDO ( in te rm e d ia te  N e g lec t o f  D if­
f e r e n t i a l  O verlap ) app ro x im atio n  was employed fo r  o *4NN. I n  t h i s  
m ethod, u n r e s t r i c t e d  wave fu n c tio n s  a re  n e c e s sa ry  to  e x p la in  th e  
p o s i t iv e  and n e g a tiv e  sp in  d e n s i t i e s ,  and d i f f e r e n t i a l  o v e rla p s  
a re  n e g le c te d  in  a l l  p o ly n u c le a r  i n t e r e l e c t r o n  r e p u ls io n  in t e g r a l s  
ex cep t f o r  th e  o n e -c e n te r  tw o -e le c tro n  i n t e g r a l s .
D u e  t o  t h e  f a c t  t h a t  t h e  p r o g r a m  c a n  o n l y  h a n d l e  m o l e c u l e s  t h a t  
h a v e  u p  t o  t h i r t y - f i v e  a t o m s  ( o r  e i g h t y  b a s i s  f u n c t i o n s ,  w h i c h ­
e v e r  i s  s m a l l e r ) ,  t h e  e i g h t y - f i v e  m i n i m a l  b a s i s  f u n c t i o n s  i n  b o t h  
N -4 S  a n d  a -^ N N  c a n n o t  a l l  b e  a c c o m o d a t e d  f o r  c a l c u l a t i o n .  T h e  
f o u r  m e t h y l  g r o u p s  o f  t h e  e t h y l e n e  m o i e t y  i n  e a c h  m o l e c u l e  w e r e  
t h e r e f o r e  r e p l a c e d  b y  f o u r  h y d r o g e n  a t o m s .  T h u s  t h e  m i n i m a l  b a s i s  
s e t s  f o r  b o t h  m o l e c u l e s  w e r e  r e d u c e d  t o  61 o r b i t a l s .  I t  i s  b e l i e v e d
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t h a t  t h i s  type  o f  s u b s t i t u t i o n  does n o t a f f e c t  th e  1T-system to  
a s ig n i f i c a n t  e x te n t .
The m o le c u la r  axes and th e  a p p ro p r ia te  num bering o f  atoms 
a re  shown in  F ig u re  I I - 8 .  The in te ra to m ic  d is ta n c e s  and a n g le s  
u t i l i z e d  f o r  program  in p u t a re  th e  average  v a lu e s  o f  th e  two in d e ­
penden t m o lecu les  f o r  N-<Ss and th e  v a lu e s  o f  o n ly  one in d ep en d en t 
m o lecu le  f o r  a-(SNN. ' A ll carbon-hydrogen  d is ta n c e s  a re  1.081*- A.
The INDO ap p ro x im a tio n  was a p p lie d  to  of^NN w ith  d i f f e r e n t  d ih e d ra l  
an g le s  betw een th e  two Tf-systems ( in  s te p s  o f te n  d e g re e s )  in  o rd e r 
to  ob serv e  th e  p ro p a g a tio n  o f  sp in  d e n s i ty  in to  th e  pheny l r in g .
The m ost p rom inen t r e s u l t s  a re  l i s t e d  in  T ab les  11-17  to  
11-21 . S ince  th e re  a re  6 l a tom ic o r b i t a l s  in  b o th  m inim al b a s is  
s e t s ,  61 m o le c u la r  o r b i t a l s  a re  g e n e ra te d . T ab les  11-17 and 11-18 
p re s e n t  th e  e ig e n v a lu e s  (m o lecu la r o r b i t a l  e n e rg ie s )  and e ig e n ­
v e c to r s  (LCAO c o e f f i c i e n t s )  fo r  th e  two compounds i n  t h e i r  observed  
c o n fo rm a tio n s . I n  th e s e  t a b l e s ,  each MO i s  a l i n e a r  co m bina tion  
o f  a l l  th e  a tom ic o r b i t a l s  which a re  l i s t e d  in  a v e r t i c a l  m anner.
I n  th e  f r e e  r a d ic a l  i t  i s  found th a t  th e  a  sp in  s t a t e  i s  more 
s ta b le  and th u s  th e  v a lu e s  p re se n te d  a re  th o se  p e r ta in in g  o n ly  
to  t h i s  s t a t e .  T ab le  11-19 l i s t s  th e  t o t a l  e l e c t r o n i c  charge  
d i s t r i b u t i o n  o f  each  atom in  bo th  m o lecu les . T ab le  11-20 shows 
th e  u n p a ire d  s o r b i t a l  s p in  d e n s i ty  and th e  h y p e rf in e  c o u p lin g  
c o n s ta n t o f  th e  s o r b i t a l s  o f  th e  atoms in  a-<SNN. T ab le  11-21 
p re s e n ts  th e  s s p in  d e n s i ty  on th e  phenyl p ro to n s  and th e  IT p z
sp in  d e n s i t i e s  o f  a l l  non hydrogen atoms c a lc u la te d  f o r  d i f f e r e n t  
d ih e d ra l  a n g le s .
FIGURE I I - 8 
SCHEME OF NUMBERING OF ATOMS IN 
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TABLE 11-19 
CHARGE DISTRIBUTIONS IN 
N-PHENYLTETRAMETHYLSUCCINIMIDE 































0 6 .2 3 2 8
H 0 . 9661*
H 0 . 971*6
H 0.9571
H 0 .9 6 8 0
C 4 .0 3 3 9






H 1 .0 0 7 0
H 1.0077
H 1 .0 0 1 3








0 6 .3 0 2 6
H 1.0018
H 1 .0 0 2 6
11 0 .9957





C 3 .9 8 8 9




H 1 .0 0 6 5
TABLE 11-20 
S ORBITAL SPIN DENSITY DISTRIBUTION 
























Atom S p in  D en sity  H y p erfin e  C oup ling  C o n stan ts
c 0 .0 0 8 3 6 .7 7 8 4
c - 0 .0 2 6 7 -2 1 .9 2 7 5
N 0 .0 1 5 2 5 .7582
0 0 .0 0 8 3 7-5460
c - 0 .0 0 3 3 - 2 .6 7 5 8
c - 0 .0 0 2 5 -2 .0 3 6 4
N 0 .0 1 5 5 5 .8674
0 0 .0 0 9 3 8 .2 2 1 3
H o .oo64 3.4581
H 0 .0 1 7 8 9 .6 2 1 8
H 0 .0 1 2 7 6 .9449
H 0 .0 0 4 5 2 .4412
C - 0 .0 0 7 2 -5 .8 8 0 4
C 0 .0 0 4 3 3 .5193
0 - 0 .0 0 5 1 -4 .2 1 3 4
C 0 .0 0 4 3 3 .4952
C - 0 .0 0 7 2 -5 .9 2 4 3
H 0 .0 0 5 3 2 .8 8 8 0
H - 0 .0 0 3 1 - 1 .6831
H 0 .0042 2 .2 8 1 3
H - 0 .0 0 3 2 -1 .7 3 8 8
H 0 .0 0 5 4 2 .8 9 0 0
TABLE 11-21 
SPIN DENSITY DISTRIBUTION WITH 
VARIATION OF DIHEDRAL ANGLES IN 
O-PHENYLTETRAMETHYLNITR0NYLNITR0XIDE
(A) p z IT ORBITALS
(B) s ORBITALS OF PHENYL PROTONS
I 65
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_________ D ih e d ra l_Angles______ _________
L ab e l Atom 5 .2 °  15^2° 2 5 .2d 35 .25 4 5 .2 °  5 5 .2d
(A)
1 c  - 0 .4 5 2 3  -0 .4 5 4 7  -0 .4 5 9 9  - 0 . 1^663 -0 .4 7 3 1  - 0 .4 7 9 6
2 C 0.0930 O.O863 0.0745 0.0592 0.0430 0 .0288
3 N 0 .2 2 6 3  0 .2275 0 .2297  0 .2336 0 .2 3 8 7  0 .2439
4 0  0 .5 1 4 0  0 .5 1 1 4  0 .5 0 6 6  0 .4 9 8 9  0 .4895 0 .4801
5 c -0 .0091 -0.0091 -0 .0092  -0.0093 -0 .0094  -0 .0096
6 c -0 .0066  -0 .0066  -0 .0066  -0 .0066 -0 .0066  -0 .0067
7 n 0.2205 0.2202 0.2205 0.2222 0.2251 0.2283
8 0 0.5473 0.5470 0.5454 0.0206 0.5368 0.5320
13 c -0 .115S  -0.1001 -0 .0745 - 0.0466 -0 .0236 -0 .0097
14 C 0.0701 0.0622 0.0491 0.0338 0.0198 O.OO95
15 c -0 .1074  -0 .0957  -0 .0764  -0 .0533 -0 .0317  -0.0155
16 C 0.0701 0.0622 0.0490  0.0337 0.0188 0.0095
17 c -0 .1156  -0 .0996 -0 .0758 -0.0405 -o .o ?84 -0 .0095
(B)
18 H 0.0062 0.0059 0 .0053 0.0047 0.0040 0.0032
19 H -O.OO33 - 0.0032 - 0.0031 -0 .0030 - 0.0028 - 0.0025
20 H 0.0049 0.0047 0.0042  O.OO36 0.0028 0.0020
21 H -O.OO33 -O.OO33 -0 .0033  -0.0031 - 0.0029 - 0.0027
22 H O.OO63 0.0060 0.0054 0.0047 0.0040 0.0033
S in ce  th e  m o le c u la r  symmetry i s  a t  m ost C2 , a l l  o r b i t a l s  
show b o th  sigma and p i  c h a r a c te r .  In  th e  d is c u s s io n  below , th e  
term  "T T -orb ita l"  r e f e r s  to  a m o lecu lar o r b i t a l  o f  p redom inan t 
T T -character. The n a tu re  o f  v a r io u s  m o le c u la r  o r b i t a l s  ( i . e . ,  
w hether th e y  a re  sigma o r p i  o r b i t a l s  w ith  b o n d in g , a n tib o n d in g , 
o r  non-bonding  c h a r a c te r s )  can be determ ined  from th e  m agnitudes 
and s ig n s  o f  th e  LCAO c o e f f i c i e n t s .  N-f&S has s i x t y - s i x  v a le n c e  
- s h e l l  e le c t r o n s  w h ile  cr<SNN has s ix ty - s e v e n . The h ig h e s t  f i l l e d  
doub ly  occup ied  o r b i t a l  in  each m olecu le  i s  MO 33 > w hich h as  a g re a t  
d e a l of p i  c h a r a c te r  in  cr^NN b u t shows c o n s id e ra b le  sigma c h a r a c te r  
in  N-^S.
The u n p a ire d  e le c t r o n  in  a-»6NN i s  in  MO 3^> an o r b i t a l  o f  
p re d o m in a te ly  TT-character lo c a l iz e d  on th e  5-niember TT-system o f 
th e  h e te r o c y c l ic  r i n g ,  which i s  an tisy m m etric  w ith  r e s p e c t  to  th e  ap­
p ro x im ate  2 - fo ld  m o lecu la r a x is .  The e x is te n c e  o f  th e  f r e e  e le c t r o n  
in  t h i s  p i  o r b i t a l  i s  in  agreem ent w ith  th e  e s r  r e s u l t  t h a t  th e re
55i s  n o n -n e g l ig ib le  sp in  d e n s i ty  on th e  phenyl p r o to n s .  However,
57p re v io u s  c a lc u la t io n s  were based on Cgv m o le c u la r  symmetry and
th e  node in  MO a t  atom 1 p rev en ted  p ro p a g a tio n  o f  s p in  d e n s i ty
o n to  th e  phenyl r in g .  T h is  c o n tr a d ic t io n  i s  re s o lv e d  by u s in g
th e  c o r r e c t  m o le c u la r  symmetry: a lth o u g h  th e r e  i s  s t i l l  a node
in  th e  TT-component o f  MO Jk (a tom _l p c o e f f i c i e n t  0 .0 0 3 1 ) , sp in
z
d e n s i ty  i s  p ro p ag a ted  th ro u g h  th e  r in g - r in g  o-bond (atom  1 px 
c o e f f i c i e n t  0 .0 2 5 0 , atom 2 px c o e f f i c i e n t  -O.O3O8 ) .  Thus, w h ile  
m ost o f  th e  s p in  i s  lo c a l iz e d  in  th e  n i t r o n y ln i t r o x id e  TT-system,
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th e  pz s p in  d e n s i t i e s  o f  th e  phenyl carbon atom s and th e  s s p in  
d e n s i t i e s  o f  th e  pheny l p ro to n s  re v e a l th a t  a  sm all amount o f  
s p in  i s  p ro p ag a ted  in to  th e  phenyl r in g .
I t  i s  i n t e r e s t i n g  to  n o te  th a t  th e  c a lc u la te d  s p in  d e n s i ty  
i s  p a r t i c u l a r l y  h ig h  on th e  oxygen atoms (0 .5 1  and O .5 5 ) and low 
on th e  n i t r o g e n  atoms (0 .2 3  and 0 .2 2 ) .  S im ila r  r e s u l t s  have a ls o  
been c a lc u la te d  fb r some o th e r  n i t r o x id e  r a d i c a l s .  F o r in s ta n c e ,  
th e  oxygen and n i t r o g e n  s p in  d e n s i t i e s  a re  0 .h 8  and O .3.8 in  phenyl 
n i t r i c  o x id e ^ - and 0 .7 3  and 0 .29  i n d i - t - b u t y l  n i t r o x id e ? ^  These 
v a lu e s  a re  in  c o n t r a s t  to  th e  e x p e rim en ta lly  d e r iv e d  s p in  d e n s i t i e s  
o f  D'Anna and W harton (oxygen 0 .1 3 , n i t r o g e n  O .3 0 ) ,  and i t  
i s  d i f f i c u l t  to  e x p la in  t h i s  d isc rep a n c y . The c o n f l i c t  may a r i s e  
due to  th e  sm all b a s is  s e t  used in  the  SCF M0 IND0 t r e a tm e n t .  
F u rth e rm o re , rep lacem en t o f  the  m ethyl groups by hydrogen  atom 
may a ls o  in f lu e n c e  th e  c a lc u la te d  sp in  d e n s i t i e s .  However, th e  
e x p e r im e n ta lly  d e riv e d  2p s p in  d e n s i t i e s  a re  based  on th e  assump- 
t io n  th a t  th e s e  v a lu e s  a re  a l l  p o s i t iv e ,  a c o n d i t io n  w hich i s  a t  
v a r ia n c e  w ith  th e  M0 c a lc u la t io n s .
The IND0 ap p ro x im a tio n  i s  found to  be f a i r l y  s u c c e s s fu l  in  
a cc o u n tin g  f o r  th e  r e l a t i v e  m agnitudes and s ig n s  o f  th e  s p in  d e n s i ty  
o f  th e  atom s in  th e  pheny l r in g .  The s a l i e n t  f e a tu r e s  o f  th e  
c a lc u la te d  s p in  d e n s i ty  d i s t r i b u t i o n  (T able  11 -21 ) a r e  summarized 
below .
( i )  The sp in  d e n s i ty  o f  each p ro to n  has a s ig n , o p p o s ite  to  
t h a t  o f  th e  c a rb o n  atom to  which i t  i s  bonded.
( i i ) T h e  n e g a tiv e  s p in  d e n s i ty  v a lu es  a re  l a r g e r  in  m agnitude 
th a n  th e  p o s i t i v e  v a lu e s .
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( i i i ) T h e  s p i n  d e n s i t i e s  a t  o r t h o  a n d  p a r a  p o s i t i o n s  a r e  n e g a ­
t i v e  w h i l e  t h o s e  o f  t h e  m e t a  p o s i t i o n s  a r e  p o s i t i v e .
T h e  s i g n s  a n d  r e l a t i v e  m a g n i t u d e s  o f  t h e  s p i n  d e n s i t i e s  o n  a l l  a t o m s  i n  
t h e  p h e n y l  r i n g  a r e  g i v e n  i n  T a b l e  1 1 - 2 1  a n d  a g r e e  w i t h  t h e  o b s e r v e d  
d a t a  i n f e r r e d  f r o m  l H n m r ^ a n d  l 3 C n m r ^ I p e c t r a ,  a n d  c a l c u l a t e d  
b y  s e c o n d  o r d e r  p e r t u r b a t i o n  t e c h n i q u e s .  T h e  n m r  d a t a  f r o m  w h i c h  
p h e n y l  r i n g  s p i n  d e n s i t i e s  w e r e  d e r i v e d  w e r e  o b t a i n e d  f r o m  s o l u t i o n .  
T h e s e  v a l u e s  a r e  e x p e c t e d  t o  b e  d i f f e r e n t  f r o m  t h e  p r e s e n t  c a l c u l a t e d  
r e s u l t s  w h i c h  a r e  b a s e d  o n  s o l i d  s t a t e  d a t a .  I n  s o l u t i o n ,  t h e  
p h e n y l  r i n g  h a s  f r e e d o m  t o  r o t a t e ;  t h u s ,  t h e  o b s e r v e d  p r o t o n  h y p e r ­
f i n e  s p l i t t i n g s  a r e  a v e r a g e  v a l u e s .  H o w e v e r ,  t h e r e  s h o u l d  e x i s t  
a  m o s t  p r o b a b l e  o r i e n t a t i o n  w h i c h  l e a d s  t o  t h e  e x p e r i m e n t a l  
r e s u l t .  A l t h o u g h  s u f f i c i e n t  d a t a  a r e  n o t  a v a i l a b l e  t o  d e t e r m i n e  
t h i s  a n g l e ,  a n  a p p r o x i m a t e  v a l u e  c a n  b e  d e d u c e d .  T h e  n m r  I T - s p i n  
d e n s i t i e s  f o u n d  e x p e r i m e n t a l l y  f o r  t h e  o - ,  m - , a n d  p -  c a r b o n s  a r e  
- 0 . 0 1 9 8 ,  + 0 . 0 0 7 9 ,  a n d  - O . O I 6 9 , r e s p e c t i v e l y .  A c o m p a r i s o n  o f  
t h e s e  d a t a  w i t h  t h e  INDO v a l u e s  ( T a b l e  1 1 - 2 1 )  s u g g e s t s  t h a t  t h e  
m o s t  p r o b a b l e  d i h e d r a l  a n g l e  s h o u l d  b e  a b o u t  5 0 ° .  T h i s  r e s u l t  a g r e e s  
w i th  t h a t  f ro m  t h e  x - r a y  d a t a ;  f o r  a  d i h e d r a l  a n g l e  g r e a t e r  t h a n  
1+6° t h e r e  s h o u l d  b e  l i t t l e  s t e r i c  h i n d r a n c e  b e t w e e n  t h e  o r t h o  
h y d r o g e n s  a n d  t h e  o x y g e n  a t o m s .
A c o m p a r i s o n  o f  t h e  c o m p u t e d  h y p e r f i n e  c o u p l i n g  c o n s t a n t s  
i n  t h e  n i t r o n y l n i t r o x i d e  r i n g  w i t h  t h o s e  o b t a i n e d  e x p e r i m e n t a l l y  
s h o w e d  r e a s o n a b l e  a g r e e m e n t  f o r  t h e  n i t r o g e n  a t o m s .  ( E x p e r i m e n t a l  
v a l u e  7 .6  g u a s s ,  INDO r e s u l t  5 * 8  g u a s s ) .  T h e  a b s o l u t e  v a l u e  o f  
t h e  i s o t r o p i c  h y p e r f i n e  c o u p l i n g  c o n s t a n t s  o f  a t o m s  5 a n d 6  w e r e
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e s tim a te d  from th e  h ig h  gain  e s r  sp ec tru m  to  be 6 G. The eq u i­
v a le n t  INDO v a lu e s  o f - 2 .0  and - 2 .6  G a g ree  w ith  th e  v a lu e  o f 
- 2 .1 ^  e s tim a te d  from l3 C nmr ^ m e a su re m e n ts . The resonance  on 
which th e  6 G v a lu e  was based ap p eared  on ly  a s  a sh o u ld e r on th e  
p r in c ip a l  resonance  and good r e s o lu t io n  was d i f f i c u l t .  Thus, a 
v a lu e  o f  -2  G fo r  th e se  two atom s i s  more a c c e p ta b le . The m agnitude 
o f  th e  a lp h a  carbon  h y p e rf in e  c o u p lin g  c o n s ta n t  was c a lc u la te d  
to  be 2 1 .9  G which i s  much l a r g e r  th a n  th e  e s tim a te d  e s r  v a lu e  
o f  12 G. T h is co u p lin g  c o n s ta n t was n o t observed from th e  cmr experim ent 
p ro b a b ly  due to  a c c id e n ta l  c o in c id e n c e  w ith  o th e r  l i n e s ,  and th e re fo re  
indep en d en t s u b s ta n t ia t io n  f o r  e i t h e r  v a lu e  i s  n o n - e x is te n t .
The t o t a l  e le c t r o n ic  ch arg e  on an atom i s  th e  sum o f  th e  
e le c t r o n  d e n s i ty  c o n tr ib u t io n s  o f  a l l  occup ied  m o le c u la r  o r b i t a l s .
The d i f f e r e n c e  between t h i s  number and th e  atom ic number o f  th e  
atom g iv e s  a q u a n t i t iv e  e s t im a te  o f  th e  amount o f  ch arg e  t r a n s f e r  
upon bond form ation '. I n  £**>SNN, i t  i s  found th a t  th e  n e t  ch arg es  
on th e  n i t r o g e n s  a re  s l i g h t l y  p o s i t i v e  b u t a re  n e g a tiv e  on th e  
oxygens. A s im ila r  r e s u l t  i s  a ls o  en co u n te red  in  th e  su cc in im id e  
where th e  ca rb o n y l carbons a re  s l i g h t l y  p o s i t iv e  and th e  oxygens 
a re  n e g a t iv e .
I n  c o n c lu s io n , th e  SCF MO INDO c a lc u la t io n s  based on th e  ob­
served  c r y s t a l  and m o lecu lar s t r u c tu r e  o f  cr^NN c o r r e la t e  w e ll 
w ith  w hat l i t t l e  ex p erim en ta l d a ta  a re  a v a i l a b le .  The r e a l  t e s t  
o f  th e s e  c a lc u la t io n s  would come from  a n a ly s is  o f  d a ta  from a d i l u t e  
s in g le  c r y s t a l  e s r  ex p erim en t, w hich h a s  y e t to  be perform ed on 
t h i s  system .
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APPENDIX 
A COMPUTER PROGRAM - - DIHEDRAL
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DIHEDRAL, a FORTRAN IV program f o r  th e  IBM 360 /65  computer, 
was w r i t t e n  to  c a l c u l a t e  the  d ih e d ra l  a n g le  between one f ix ed  
and one r o t a t i n g  p la n e s  fo r  two c a se s .  I n  th e  f i r s t  c a s e ,  one 
p lan e  i s  r o t a t e d  around a g iven  a x is  u n t i l  th e  d i s t a n c e  between 
a d e s ig n a te d  p o in t  in  t h i s  p lane  and a second p o in t  i n  th e  f ix ed  
p la n e  i s  equal to  a s p e c i f i e d  v a lu e .  I n  th e  second c a s e ,  one 
p la n e  i s  r o t a t e d  around an a x is  by a s p e c i f i e d  a n g le .  New c o e f f i ­
c i e n t s  o f  th e  e q u a t io n  o f  the  p lane  a f t e r  r o t a t i o n ,  new c o o rd in a te s  
o f  p o in t s  c o n ta in ed  i n  the  r o ta te d  p la n e ,  and d i s t a n c e s  between 
s e le c te d  p o in ts  on th e  two p lanes  a re  a l s o  c a l c u l a t e d  i n  both  c a s e s .
I .  GENERAL DISCUSSION
The e q u a t io n  o f  a p lan e  in  space h a s  th e  e x p re s s io n
ax + by + cz + d = 0 ...........................................(A -l)
where a , b , c , d  a re  n o t a l l  zero  and x , y , z  can be exp ressed  in  any
c o o rd in a te  system . I n  DIHEDRAL the  o r thonorm al system  i s  used
and th e  i n i t i a l  c o e f f i c i e n t s  of the  e q u a t io n s  o f  each p lan e  a re
PO
o b ta in ed  from program PLANET.
I f  one o f  th e  p la n es  i s  r o ta te d  abou t an a x i s  co n ta in ed  in  
i t s e l f  by a g iv en  a n g le ,  the  c o e f f i c i e n t s  i n  e q u a t io n  (A - l )  w i l l  
be tran s fo rm e d ,  and th e  eq u a tio n  o f th e  new p la n e  i s
a"x  + b"y + c"z  + d = 0  ...................................(A-2)
A lso , th e  c o o rd in a te s  o f  a p o in t  P ( x ,y ,z )  in  th e  p la n e  w i l l  be
changed to  P ( x " , y " , z " ) .
The r e l a t i o n s h i p  between th e  primed and unprimed c o e f f i c i e n t s  
can be d e r iv ed  from th e  m a tr ix  o f  t r a n s fo rm a t io n  t h a t  b r in g s  the
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o r i g i n a l  c o o rd in a te  system ( x , y , z )  to  th e  ( x ' ^ y '^ z " )  system  a f t e r  
r o t a t i o n  i s  e s t a b l i s h e d .  The p ro ced u re  can be surmnarized i n  th e  
fo l lo w in g  f iv e  s t e p s .
STEP 1 . D efine V ector o f  R o ta t io n .
The a x is  o f  r o t a t i o n  NM, d e f in e d  by two p o in t s  PI and 
P2, i s  cons ide red  to  have p o s i t i v e  d i r e c t i o n  i f  i t  i s  p o in te d  
a lo n g  th e  p o s i t i v e  x - d i r e c t i o n .  (F ig u re  A - l ) .
STEP 2 . D efine  th e  New O r ig in .
The o r i g i n  0 i s  t r a n s l a t e d  to  O ',  which i s  chosen to  
be th e  m id -p o in t  o f  P1P2 f o r  co n v en ien ce ;  th u s  a new c o o rd in a te  
system  i s  s e t  up w ith  x '  p a r a l l e l  to  x , y '  p a r a l l e l  to  y and 
z 1 and to  z ' .  x ' , y ' , z '  a re  d e f in e d  by
x '  = x - t x
y 1 = y - t y  ( a-3 )
z 1 = z - t z
where t x>t ^ , t z a re  t r a n s l a t i o n s  a long  th e  x , y , and z a x es .
(F ig u re  A - l ) .
STEP 3. C a lc u la te  the  E u le r  Angles T h e ta ,  C hi, and P h i .  ( S u b ro u tin e  EULER) 
The E u le r  an g les  a re  d e f in e d  in  th e  fo l lo w in g  way.
THETA i s  th e  ang le  t h a t  i s  n e c e s sa ry  to  b r in g  0 r Z* i n t o  c o in c i ­
dence w ith  O'M(NM), which i s  th e  z" a x i s  o f  th e  t h i r d  c o o rd in a te  
system  ( x " , y " , z " ) .
FIGURE A -I
EULER ANGLES AND THE RELATIONSHIP BETWEEN 
THE THREE COORDINATE SYSTEMS
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a"x  + b"y + c"z  + d" = 0
ax + by + cz  + d = 0
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CHI i s  s im p l i f i e d  to  be zero  degree  such  t h a t  O 'x" i s  
p e r p e n d ic u la r  to  th e  p la n e  d e f in ed  by O 'z '  and O'M.
PHI i s  th e  an g le  between O 'x '  and O 'x " .
V ec to r  O 'x" i s  found by th e  c ro s s  p ro d u c t  r e l a t i o n s h i p ,
O'x" = O 'z '  x O'M
h e n c e ,
S im i la r y ,
/ - , / 0 ' x '  • O'x" \
* = cos ( | T O | | f o ? n  >
- w O V  • O^ M \
6 = c o s  U ^ I T ^ m T 5
.(A-3)
STEP 4 . C a lc u la te  th e  M a tr ix  o f  T ransorm ation . (S u b ro u t in e  MATRIX). 
The m a tr ix  A which tran s fo rm s  the  primed c o o r d in a te  
system  to  th e  double  primed system i s
/ cos b s i n  b 0 \
A = - c o s  0 s i n  b cos 0 cos b s i n  0 ............ ( A-5)
\ s i n  0 s in  b - s i n  0 cos b cos 0 /
Hence, (x " )  = A ( x ' ) ,  where ( x ' )  and(x1") a r e  d e f in e d  by  th e
column m a t r ic e s (x l \ and / 4 ' \
\ xal U s /
,(A-6)
I f  BETA ($) i s  th e  an g le  th a t  th e  p la n e  r o t a t e s  about 
t h e  a x i s  MN and B i s  th e  m a t r ix  of t r a n s f o r m a t io n ,  B has  
th e  fo l lo w in g  e x p re s s io n :
/  cos /3 s i n  fi 0 \
B = j - s i n  j3 cos 0  0  (A-7)*
\ 0  0 -1  1
S ince  t h e r e  a r e  two a l t e r n a t i v e  i n t e r p r e t a t i o n s  o f  an
______o p e r a to r  such as B, t r a n s form ing e i t h e r  a v e c to r  o r  a c o o rd in a te
N o te :  H ere , B co rre sp o n d s  to  a co u n te rc lo ck w ise  r o t a t i o n  by an an g le  
when a p p l ie d  to  th e  c o o rd in a te  system; th u s ,  i t  w i l l  co rre spond  
t o  a c lo ck w ise  r o t a t i o n  when a p p l ie d  to  th e  v e c t o r .
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system , th e  former case  i s  chosen  h e re  and th e  fo llo w in g  
e x p re s s io n  i s  o b ta in e d .
( y y ) = b (j?') ................... (a-8)
where th e  new v e c to r  X" i s  e x p re ssed  i n  th e  same double  prime 
c o o rd in a te  system .
S u b s t i t u t e  (6) in to  (8 )
(X") = B A Cx1) ................................................ (A-9)
The e x p re s s io n  f o r  X' i n  te rm s o f  th e  double  prim e system i s
(X*) = A- * (X") ................................................ (A -10)
(X*) = A-1 B A ( x ‘ ) = F (x*) ..............................(A -11)
A  —>
Then (X ')  can be r e l a t e d  to  th e  ( x) unprimed c o o rd in a te  
system  by t r a n s l a t i o n .
STEP 5. C a lc u la te  th e  v a r io u s  q u a n t i t i e s .
The c o e f f i c i e n t s  of the  new e q u a t io n ,  th e  c o o rd in a te s
i
of p o in t s  on th e  p lane  a f t e r  r o t a t i o n ,  and d i s ta n c e s  between 
th e se  p o in t s  and p o in ts  on th e  f ix e d  p la n e  a re  c a lc u la te d  
by u s in g  th e  conven tional fo rm u la s .  The s u b ro u t in e s  th a t  
h and le  th e s e  form ulas a re  b r i e f l y  d e s c r ib e d :
S u b ro u tin e  PLANE
The c o e f f i c i e n t s  of th e  new e q u a t io n  o f  the  p lan e  
a"x  + b"y + c "z  + d" = 0 
a r e  o b ta in e d  by u s in g  the fo l lo w in g  e x p re s s io n s ,  
a" = a  x D ( l , l )  + b x D ( 2 , l )  +  c x D (3 , l )
b" = a x D ( l ,2 )  + b x D (2 ,2 ) +  c x D (3 ,2)
c" » a  x D ( l ,3 )  + b x D(2 ,3 )  +  c x D (3 ,3)  (A-12)
d" = d -  a  [D( 1 ,1 )  x t x +  D ( l ,2 )  x t y + D ( l ,3 )  x t z ]
i Qk
- b [D(2 ,1 )  x t x + D (2 ,2 ) x t y + D (2 ,3 ) x t g ]
- c [D (3 , l )  x t x + d( 3 ,2 )  x t y + d( 3 ,3 )  x t z ]
where D i s  th e  in v e r s e  o f  F.
S u b ro u tin e  COORD
The c o o rd in a te s  o f  the  p o in t s  i n  t h e  p la n e  a f t e r  r o t a t i o n  a r e  
X = F ( l , l ) x '  + F ( l , 2 ) y '  + F ( l , 3 ) z '  + t z
Y -  F ( 2 , l ) x '  + F ( 2 ,2 )y '  + F ( 2 , 3 ) z '  +  t  ................... (A-13)z
Z = F( 3 »1) x ' + F ( 3 ,2 ) y '  + F ( 3 , 3 ) z '  + t 2 
S u b ro u tin e  DISTAN
The d i s t a n c e  between two p o in t s  i n  space  i s
The d ih e d r a l  ang le  which i s  th e  a n g le  between th e se  
norm als i s  c a l c u l a t e d  acco rd ing  to  th e  fo l lo w in g  e x p re s s io n .
<M 2 = £(x2 “ * x )2 + (y s  ■ y i ) 2 +  ( z2 ~ z i ) 2 l 1 /2  • • • • . ( a- i 4)•  •  •  •  a
S u b ro u tin e  ANGLE
E q u a tio n s  o f  the  normals to  p la n e  1 and p la n e  2 a r e
= a"x  + b"y + c "z  
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(^O U T P U T  FROM  TEST DATA
(1) K *0
N i r H R n .N |« M l l O f — K tT I N C  V  COM?ACT OlSTANCC*
THC RMMRAR « I U  CALCULACC
I THC MCA COUATION OP F 1 M C  |  
t  NC* COOROIMAKI Of  POIN T* IN PLANT I
I  OlSTANCC* M T p CCN POINT* IN PLANT I ANO TNf F |U O  POINTS OUT OP Th | *  PI.AN* OP IN PLANC C 
« THC OIMCOPM. ANOLC ■CTMKN PtANC I ANO PLANC I
THC AN6AC OP POTATION I *  f t .0 0 0  OC«PPC
tH f  COCPPICICNT* OP TMC COUATION OP TF« PO TA flN C PLANT APC A -O.TTOBO •  O .A |* M  C •0 .4 0 C A 0  0  0 .0 0 1 1 0
INC COCPPICICNT* OP T*« TOO AT ION OP
T ip  COOPOINAIIS OP TMC POINTS IN PLANC I APP
THC COOPOlMAtt* OP TMC P l l t o  PO IN T* APC
t.CA TAO t  I . C I J 4 0  f  •O .O ITC O
A.CISCO V f.O IO A O  f  - J .A 0 4 T 0
U T S 9A 0 T I .P 9 C I 0  g •O .C C TIO
• • o t c c c  t o . c c c t o  r  o . i c c c o
TMC COOPCINATCt OP TMC POINT* USCO TO OCTCPP|NC TNC POTATION A M * APC l » a i * * o  r  i • • « • • •  t  - i . c c P i o
I.OCTOO V T.OJtOO t  • I •PIAIC
TMC COOPOlNAfl OP IMC N tC  O PIA IN  IS
TMC TMPC! COPPONCNT* OP THC ClCTO* OP A l l *  OP POTATION APC
TMC TMPCC CULTP 4 N M .fl API <MI 0 . 0  OC*
THCTA a f . T I I I T  DC*
PHI I 4 0 .0 M P C  0C6
TMC COPPONCNT* OP THC NC« COUAT ION OP T W  PLANC APTTP POTATION AP«
A - O . M I S t  •  O .IPSA A  C - O . I I I T )  O • • •A P T *
H fP  COOPPlNATf* OP TMC PO IN T* IN PLANC I A"C
" * •  * C .T T T fJ  T S . l f t F *  C • O . l t D I
H f f  ■ * • • > * « !  T C .T C I T l  i
C A .M 4  OCOPCf *
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OlSTANCC N f V H N  ATOM H I !  IN PL M K  I ANO AVON O S  I S  T .JA 4A T  ANO
OlSTANCC M TPCCN AVON N i l  IN  PLPNC I ANO AVON O A I S  * . 7 * 0 ( 7  ANA
OlSTANCC M TPCCN AVON MSS IN PIANO I ANO AVON O S  I S  » , H M I  ANA
OlSTANCC M TPCCN ATOP NSC IN  PLANC I ANO ATOP O A I t
PATOIS * » T N f  COMLCTC TNANSPOPNATION PATPI t —  A-1APAA
I S S
I
I  I OitT II
S I 0 .0 1 1
I
S I -0 .0AAI
•A.0 0 * O.OAT
l . m  - o . a s s
o . o sa  c . m
(alK.i
N IV PM IO C — OtMCOPAL ANOLC A t TNf PNCNTL H ANO Nl TPOtVL O COUALS WOP OISTAICC
THC PP04PAP P IL L  CALCULATC
I THC COCPPICICNVS OP THC NC* COUAT I ON OP PL AM I APTfP CACH POTATION 
»  NC* COOPOINATCS OP POINT O IN  PLANC t  
1 OlHfOPAL ANOLC PCTM CN POINT t  AND PLANC f  
A OlSTANCC O t M TPCCN POINT 0  ANO POINT A
CALCULATION P tL L  STOP PHCN OS I t  COUAL TO WOP
VHP ATOPIC OlSTANCC O fT M C N  PO IN T A ANO POINT O I S  J . A S t t  A
TNC POTATION ANO.C OCLTA IS  - t * 0 0 S  OCO
PAS I PUP N UPM P OP POTATION I t  I t *
THC C O CPPICICN T! OP THC COUAT ION OP I M  PO T A T IN t PLANC APS A - A .  T T t t t  O O .A IA M  C ~ A .«S IO O  O O .PA I IP
THC CO C PPIC IC N T! OP THC COUAT ION OP THC P ISC O  M A N * APC A -A .M 7 0 A  O 0 .1 M 0 A  C -A .PSTA O  O •A .A A A IA
THC COOPOINATCS OP THC PISCO  PO IN TS APC
O S  s l.tltAA W 1.7 1 * 1 0 |  -0 . A A l t  A
THC COOPOINATCS O f THC POINTS UtCD TO OCTCPPINC THC POTATION A SlS  APC ■ I .1 I A 1 A  V l . t t t t i  t  - l . « A * I A
■ S.SSSSt T t.SltAA | •UOSAIS
THC COOPOINATC OP TH* PSP O PIO IN  IS
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INPUT CARDS FORMAT AND DISCRIPTION.
CARD 1 - - T i t l e  ca rd  (20  A 4)
c o l .  1-80  Any a lp h am eric  in fo rm a t io n .
CARD 2 - - C o n t r o l  ca rd  ( 1 5 )
co l 1-5 K = 1 The program s e t s  up lo o p s  to  c a l ­
c u l a t e  th e  d ih e d r a l  a n g le s  between 
p la n e  1 and p lan e  2  a f t e r  each r o t a ­
t i o n  o f  p lan e  1 around a g iven  a x is  
by a  sm all ang le  DELTA. I t  a l so  
c a l c u l a t e s  th e  d i s t a n c e  (DS) between 
any f ix e d  p o in t  ( p o in t  A) and a 
p o in t  in  p la n e  1 ( p o i n t  B ) , new 
c o e f f i c i e n t s  fo r  p la n e  1 , and new 
c o o r d in a te s  f o r  p o in t  B. The c a l ­
c u l a t i o n  s to p s  when DS i s  equal 
to  a f ix e d  v a lu e  VDR w i th in  a t o l e r ­
ance  o f  3 x i o * 3 .
K = 0 The program c a l c u l a t e s  th e  d ih e d ra l  
a n g le  between p la n e  1 and p lane  2 
a f t e r  p lan e  1 r o t a t e s  by an an g le  
BETA. I t  a l s o  c a l c u l a t e s  th e  d i s ­
ta n c e s  between s p e c i f i e d  f ix ed  p o in ts  
and a l l  s p e c i f i e d  p o in t s  in  p l a n e '1 , 
new c o e f f i c i e n t s  f o r  p la n e  1 , and 
new c o o rd in a te s  f o r  a l l  s p e c i f i e d  








- - C o e f f i c i e n t  c a r d  ( ^ F 1 0 . 5 )  
c o l  1 -  1 0  A
c o l  1 1 -  2 0  B
i n i t i a l  c o e f f i c i e n t s  o f  p l a n e  1
c o l  2 1 -  3 0  C
c o l  3 1 -  4 0  D
- - C o e f f i c i e n t  c a r d  (1»-F10.5) 
c o l  1 - 1 0  A 
c o l  1 1 -  2 0  B
c o e f f i c i e n t s  o f  f i x e d  p l a n e  2
c o l  2 1 -  3 0  C
c o l  3 1 -  1*0 D
- - C o o r d i n a t e  c a r d  ( 3FIO.5 )
c o l  1 - 1 0  x  c o o r d i n a t e  o f  t h e  f i r s t  p o i n t  t h a t
c o l  1 1 -  2 0  y  i s  u s e d  t o  d e t e r m i n e  t h e  a x i s  o f
c o l  2 1 -  30 z  r o t a t i o n
- - C o o r d i n a t e  c a r d  ( 3 F 1 0 * 5 )
c o l  1 - 1 0  x  c o o r d i n a t e s  o f  t h e  s e c o n d  p o i n t  t h a t
c o l  1 1 -  2 0  y  i s  u s e d  t o  d e t e r m i n e  t h e  a x i s  o f
c o l  2 1 -  30 2 r o t a t i o n
— N u m b e r  o f  p o i n t s  ( 2 I t )
c o l  1 - 5  NA n u m b e r  o f  p o i n t s  s p e c i f i e d  i n  p l a n e  1
c o l  6 - 1 0  NB n u m b e r  o f  f i x e d  p o i n t s
— NA C o o r d i n a t e  c a r d s  ( I X ,  2 A 2 ,  3 ^ 1 0 * ^ )
1
c o l  2  -  h  ID  I D  o f  p o i n t s
c o l  6 - 1 5  x
c o l  16-  25 y c o o r d i n a t e s  o f  e a c h  p o i n t  i n  p l a n e  1
c o l  26- 35 z
CARDS 9 - - N B  C o o r d i n a t e  c a r d s  ( I X ,  2 A 2 ,  3F I O . 3 ) 
c o l  2 - 4  I D  I D  o f  p o i n t s
c o l  6  -  15 x
c o l  16 -  25 y C o o r d i n a t e s  o f  a l l  f i x e d  p o i n t s
c o l  26 -  3 5  2 ( s o m e ,  a l l  o r  n o n e  m a y  l i e  i n  p l a n e  2 )
* * N o t e — I f  K =  0 ,  i n p u t  c a r d s  n o .  1 0 ,  1 1 ,  1 2  a r e  n o t  r e q u i r e d .
CARD 1 0 - - V a l u e  o f  t h e  f i x e d  d i s t a n c e  ( F I O . 5 )
c o l  1 - 1 0  VDR A g i v e n  d i s t a n c e  b e t w e e n  p o i n t  A 
a n d  p o i n t  B
CARD 1 1 — A n g l e  o f  r o t a t i o n  f o r  K = 1 ( F I O . 5 )
c o l  1 - 1 0  DELTA I n c r e m e n t e d  a n g l e  o f  r o t a t i o n  o f  
p i  a n e  1
CARD 1 2 — M axim um  n u m b e r  o f  r o t a t i o n  ( 1 5 )
c o l  1 - 5  NN Maximum n u m b e r  o f  r o t a t i o n s  o f  p l a n e  1 
a r o u n d  t h e  f i x e d  a x i s .  I f ,  a f t e r  
NN r o t a t i o n s ,  t h e  d i s t a n c e  b e t w e e n  
t h e  tw o  p o i n t s  i s  n o t  e q u a l  t o  VDR 
t o  w i t h i n  3 x  1 0 " 3 , t h e  p r o g r a m  
w i l l  p r i n t  o u t  'NO CONVERGENCE'.
* * N o t e — I f  K =  0 ,  DELTA a n d  NN h a v e  b e e n  s e t  t o  b e  e q u a l  t o
0 . 0  a n d  1 i n  t h e  p r o g r a m .
I f  K =  1 ,  i n p u t  c a r d  n o .  13 i s  n o t  r e q u i r e d .
CARD 1 3 - - A n g l e  o f  r o t a t i o n  f o r  K =  0  ( F I O . 5 )
c o l  1 - 1 0  BETA A g i v e n  a n g l e  o f  r o t a t i o n  f o r  p l a n e  1
FIGURE A-2 























* * * N o te --fo r  DELTA o r  BETA p o s i t i v e , p la n e  1 w i l l  r o t a t e  in
i n  th e  c lo ck w ise  d i r e c t i o n  around th e  r o t a t i o n  v e c to r  
as  t h i s  v e c to r  p o in t s  towards th e  o b s e rv e r .  For 
n e g a t iv e  DELTA o r  BETA, th e  d i r e c t i o n  o f  r o t a t i o n  
i s  c o u n te rc lo c k w is e .
I I I .  FLOW DIAGRAM. . .E x p la n a t io n  o f  the  numbers in  th e  flow c h a r t .
(O utpu t i s  n o t  in c lu d e d . )
1. Read p r e l im in a r y  in fo rm a t io n  ca rd s  (Card 1 - 9 )
2 I s  K = 1?
3 Read Card no . 10, 11, 12
^ Read Card no . 13
5 C a lc u la te  th e  c o o rd in a te s  o f  th e  new o r i g i n
6 C a lc u la te  th e  new c o o rd in a te s  o f  th e  two p o in t s  which a re
used to  d e f in e  th e  a x is  o f  r o t a t i o n
7 C a lc u la te  th e  new c o o rd in a te s  o f  a l l  th e  in p u t  p o in t s
8 C a lc u la te  th e  new e q u a t io n  o f  p lan e  1 a f t e r  t ra n s fo rm a t io n
9 S t a r t  c a l c u l a t i o n  o f  th e  th r e e  E u le r  a n g le s .  I s  i t  a 
s p e c ia l  case?
10 The r o t a t i o n  a x i s  i s  p a r a l l e l  to  e i t h e r  x , y ,  o r  z a x is
11 For a g e n e ra l  c a s e ,  c a l c u l a t e  th e  v e c to r  o f  th e  a x i s  o f  
r o t a t i o n
12 C a l l  s u b ro u t in e  EULER to  c a l c u l a t e  th e  th re e  E u le r  ang les
13 S t a r t  Do loop  to  c a l c u l a t e  v a r io u s  q u a n t i t i e s  s p e c i f i e d  
in  th e  c o n t r o l  ca rd  ( i s  K = 1? I f  K = 0 ,  th e  program 
w i l l  no t l o o p . )
200
llfa C a l l  su b ro u t in e  MATRIX to  c a l c u l a t e  th e  complete m a t r ix  
o f  t r a n s fo rm a t io n  (The r o t a t i o n  ang le  s t a r t s  from 0 .0  
degrees  and in c r e a s e s  each  tim e by an amount DHLTA.)
l^ b  C a l l  su b ro u t in e  MATRIX to  c a l c u l a t e  th e  com plete m a t r ix  
o f  t ra n s fo rm a t io n  w i th  th e  in p u t  r o t a t i o n  an g le  BETA
15 C a l l  su b ro u t in e  PLANE
16 C a l l  su b ro u t in e  COORD
17 C a l l  su b ro u t in e  DISTAN
18 C a l l  su b ro u t in e  ANGLE
19 I s  K = 1?
20 I s  th e  d i s ta n c e  c a l c u l a t e d  equal to  VDR w i th in  a t o l e r a n c e
o f 3 .0  x 10"3?
21 I s  the  d i s ta n c e  c a l c u l a t e d  equal to  VDR w i th in  a t o l e r a n c e  
o f  3 .0  x 10-1?
22 Set DELTA equal to  0 .2  d eg ree  and go back to  the  b eg inn ing  
o f  th e  Do loop .
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